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ABSTRACT 
A copious quantity of pollen production is desirable from the male parent in hybrid 
maize (Zea mays L.) seed production. However tassel size and presumably pollen 
production varies across environments. This research was conducted to better understand if 
variation in pollen production is due to stress during initiation of specific pollen production 
components. If component compensation for pollen production occurs, then components that 
form later should show plasticity with reduced production of earlier formed components. 
This was also investigated. To conduct such studies, a pollen production measurement 
technique was devised since current methods do not adequately quantify total pollen 
produced per tassel. In addition, knowledge of the morphological development of tassel 
components that lead to pollen production is critical for these studies. Thus tassel 
morphological development was characterized relative to plant development and heat units.    
To develop best management practices for high pollen production, a reliable pollen 
production measurement tool is necessary. A new method was developed involving 
extraction of pre-shed pollen from tassels through grinding tassels, wet sieving to separate 
pollen from tassel debris, and counting pollen. This technique compared favorably with 
other established pollen yield measurement techniques. Benefits of the new technique 
include the quantification of all pollen produced by a single tassel, a direct count of pollen 
grains, and a comparatively low CV. This technique is resource intensive compared to other 
methods.  
Tassel developmental events leading to pollen production were characterized in 
relation to plant development and heat unit accumulation in two modern dent inbreds. Tassel 
initiation occurred from fourth leaf stage, six leaf tips (V4:T6) to V5:T7. Branch meristems 
appeared promptly after tassel initiation. Pollen mother cells entered meiosis from V9:T14 
to V12:T15. In this study the rate of tassel development relative to leaf emergence was the 
same between inbreds, but the rate of plant development relative to accumulated heat units 
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differed between inbreds. Using these inbreds, chilling was applied during tassel and pollen 
formation events. These events included branch initiation, spikelet pair initiation, and 
meiosis of microsporogenesis. The 113 relative maturity (RM) inbred produced 60 percent 
less branches and 42 percent fewer spikelets for branch and spikelet chilling treatment, 
respectively. The 103 RM inbred was generally not responsive to chilling. Chilling applied 
during meiosis decreased the percentage of starch filled pollen grains only in the lower 
florets on the lowest branch of the 113 RM inbred. The 113 RM inbred produced 43 and 29 
percent fewer pollen grains per tassel when chilling was applied during branch and spikelet 
initiation, respectively. When branch or spikelet production was reduced, compensation by 
later forming pollen production components was not identified in this study. 
A novel pollen quantification technique was developed that can be used by those 
characterizing male parents of hybrids for pollen production per tassel. This new technique 
now allows for investigations of all pre-shed pollen produced per tassel without confounding 
effects of percent of pollen shed. The tassel formation events allows seed producers to better 
understand potential stress effects on pollen production and flowering. The diameter of the 
apical meristem at tassel initiation for the modern inbreds studied was smaller than 
previously reported. Further investigations are required to elucidate implications for 
variation in the apical meristem size at tassel initiation. Tassel development relative to leaf 
emergence corresponded for these inbreds which have a range in maturities and growth rates 
relative to heat units. These relationships require confirmation through testing under various 
environments as well as across a wider range of genotypes. A coordinated rate of tassel 
development to leaf emergence improves our understanding of factors affecting time to 
flowering. Dent inbred lines vary in their response to chilling during tassel formation for 
pollen production. Plasticity in pollen production components to compensate for decreased 
production of earlier formed pollen production components was not identified in these 
studies. 
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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation begins with literature review followed by three chapters and finally 
general conclusions. The literature review covers tools to assess pollen quantity and quality, 
stress effects on tassel development, and maize (Zea mays L.) tassel morphology. The first 
paper presents a new and unique method to quantify pollen production. The second paper 
characterizes the timeline of tassel developmental events. The final paper utilizes the new 
pollen quantification method and tassel development events to assess chilling effects on key 
components for pollen production and compensational plasticity of subsequent tassel 
development events leading to pollen production. Individual papers have specific 
introduction, materials and methods, results and discussion, conclusions, and reference 
sections. 
Literature Review 
Hybrid seed production of maize (Zea mays L.) involves controlled cross 
pollinations from the male parent tassel to the female parent silks. Careful management is 
required to maximize field area allocated to female plants while ensuring sufficient 
quantities of pollen from the male parent are available to fertilize ovules on female plants. 
Several methods of male parent management are utilized including modifying row planting 
patterns such as 1:4 or 2:6 male to female row ratios, using two male plantings to aid in 
achieving pollen shed throughout the period that silks are receptive, and intimately clipping 
or flaming to extend shed duration as well as other methods (Wych, 1988).  
Managing the ultimate product of the male parent, pollen delivered to female ovules, 
requires methods that properly evaluate this. One criteria of a desirable male parent is to 
produce abundant amounts of fertile pollen over a long duration. Pollen production per 
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tassel has been reported to range from about 0.5 to 1.9 million pollen grains per tassel for 
some modern inbreds (Fonseca et al., 2004) to 18 and 25 million pollen grains for some 
older hybrids (Kiesselbach, 1949). Also, smaller tassels have been inadvertently selected 
from 1930’s to 2001 at a rate of about 2.5 branches per decade while breeding for high 
yields (Duvick, 2005). Thus there is an increased need for more precise and accurate pollen 
quantification methods. Various methods have been implemented to measure pollen 
production. Hall et al. (1982) placed bags over tassels to capture pollen which was later 
manually counted. The use of air permeable bags reduces possible environmental stress 
effects created by placing a bag over the tassel (Fonseca et al., 2003). Also improved was 
the method of counting the pollen. A particle counter provided high speed counting of a 
relatively large sample of pollen. The electrical charge properties of pollen induced by a 
helium neon laser may provide another means for pollen quantification (Dukhovnyi, 1975). 
Methods which estimate pollen production include tassel morphology measurements and 
change in tassel weight from pre-shed to post-shed (Fonseca el al., 2003). Simple counting 
spikelet production has also been implemented (Bechoux et al., 2000). Capturing pollen 
from a tassel is difficult due to the prolonged maturation of microspores across a tassel (Hsu 
et al., 1988), small diameter size of 90 to 105 µm (Goss, 1968; Kumar and Sarkar, 1980; 
Baltazar et al., 2005), and previously mentioned abundant production. Pollen production has 
also been quantified within the canopy using flat sticky surfaces to better assess pollen 
available at silk level (Sadras et al., 1985). To aid counting of pollen on these surfaces, 
image capture and analysis has been developed (Bassetti and Westgate, 1994). Flottum et al. 
(1984) captured pollen with rotating rods coated with silicon grease. Aylor (2005) reported 
that about 23 percent of dehisced pollen reached silk level of female parents, but this varied 
based on wind speeds and turbulence, canopy architecture, and pollen source height among 
others. Obviously distance from source, and thus row pattern, could also affect the percent 
of pollen produced by the tassel which reaches silks. 
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In addition to sufficient quantities of pollen produced over a desirable period, fertile 
pollen is also needed to optimize seed production. Pollen fertility has been distinguished 
from pollen viability (Barrow, 1983). While viable pollen may be living, it might not be 
fertile, or able to pass through the micropyle and fertilize an ovule. Walden and Everett 
(1961) presented an in vivo method to measure pollen fertility. Unfortunately in vivo pollen 
germination is tedious, requires the application of specific amounts of pollen to specific 
silks, and may not produce quantitative results (Goss, 1968). Quantitative in vitro methods 
using agar can separate treatment effects such as high temperature (Herrero and Johnson, 
1980). But the agar methods may not provide accurate information on the percent of pollen 
that would fertilize ovules under field conditions. 
The use of various vital stains for assessing pollen viability has been reviewed by 
Rodriguez-Riano and Dafni (2000). These include Baker’s, X-Gal, MTT, p-
Phenylenediamine and TTC. The first two stained non-viable pollen. Other stains including 
Alexander’s, aniline blue, fluorescein diacetate and I2 KI have been used to identify 
potential viability but do not indicate if all requirements are met for pollen to fertilize an 
ovule (Heslop-Harrison and Heslop-Harrison, 1970; Zhang, 1998; Pline et al., 2002; Vidal-
Martínez et al., 2004). Starch accumulation is one of the last processes in pollen 
development and occurs a few days prior to shed (Hsu and Peterson, 1981; McCormick, 
1993). Successful starch fill may indicate lack of abnormalities in earlier processes thus 
providing credence to the use of the starch staining I2 KI. Kumar and Sarkar (1980) 
compared pollen diameter to pollen tube growth but found no correlation. Pollen fertility 
assessment remains problematic. 
While a tassel can produce high volumes of pollen under normal growth conditions, 
various stresses can decrease its production. Several abiotic stresses were applied to flint 
inbreds during tassel formation including low light quantity and quality, low and high 
moisture stress, mineral deficiency, and chilling (Bechoux et al., 2000). Low light intensity 
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(65 µE m
-2
 s
-1
 versus 600  µE m
-2
 s
-1
) and chilling (10°C versus 24/18°C day/night) resulted 
in the most severe decreases in branch and spikelet pair production. Lowering light intensity 
with chilling provided modest relief to the chilling effects which led the authors to suggest 
that oxidative stress contributed to lower axillary branch production. Tassel length was 
reduced when grown under cooler (18/12°C day/night) than warmer (30/24°C day/night) 
temperatures after tassel initiation (Struik, 1982). Conversely in the same study, the number 
of tassel branches produced was greater under the cooler conditions. Also from that 
research, shorter photoperiod days resulted in lower branch production than longer 
photoperiod days. Further work by Struik et al. (1986) using the same temperatures 
suggested that the lower temperatures produced more pollen while the higher temperatures 
shortened the pollen shed period. Water stress during tassel initiation decreased tassel size, 
but water stress during other periods of development did not result in such modifications 
(Damptey and Aspinall, 1976). 
More research has focused on stress during microspore development and pollen 
germination. Applications of glyphosate at the V8 and V10 stages to glyphosate resistant 
maize (events GA21 and NK603) resulted in less pollen production and lower pollen 
viability then the control or when applied at V4 or V6 (Thomas et al., 2004). Defoliation at 
the 7 and 14 leaf stages and at anthesis resulted in shorter shed durations for some inbreds 
(Vasilas and Seif, 1985). When plants were grown in soil with high salinity, pollen produced 
had lower viability and lower starch content (Dhingra and Varghese, 1984). Moisture stress 
at pollen shed was not found to decrease pollen viability, but amount of pollen shed was 
decreased (Hall et al., 1982). It was suggested that pollen production might not have 
decreased but rather pollen remained within anthers. Westgate and Boyer (1986) reported 
that under low water potential pollen can remain fertile. Schoper et al. (1986) concluded that 
increased heat during pollen shed and not increased moisture stress would most affect seed 
set. Herrero and Johnson (1981) previously had reported similar results. Others also reported 
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decreased pollen viability and/or pollen tube growth due to heat stress (Lonnquist and 
Jugenheimer, 1943; Binelli et al., 1985; Lyakh et al., 1991). The presence of heat shock 
proteins have been investigated to better understand their role in protecting pollen, and in 
general have been found to decrease in presence from pollen mitosis to pollen shed (Frova et 
al., 1989; Dupuis and Dumas, 1990; Hopf et al, 1992; Magnard et al., 1996; Young et al., 
2001).  
While high temperature stress on pollen received considerable attention, chilling 
effects during pollen formation received less focus. Brooking (1976) found the leptotene and 
pre-leptotene stage of meiosis of microsporogenesis to be the most sensitive stage for 
chilling stress in Sorghum bicolor. Similarly chilling in bell pepper (Capsicum annuum) 
during meiosis changed the exine pattern of pollen and reduced pollen viability (Mercado et 
al., 1997).  
Cultural practices can also affect tassel development and pollen production 
negatively. Dungan and Gausman (1951) reported that clipping to delay flowering appeared 
to decrease pollen production. An increase in plant density can decrease pollen production 
per tassel (Uribelarrea et al., 2002).  
Chilling reduces maize plant development and dry matter accumulation (Miedema, 
1982). Increased levels of Ca
2+
 in maize cells due to chilling were related to lipid 
peroxidation (Chen and Li, 2001). The authors suggested that increased levels of cellular 
Ca
2+
, and thus increased chilling stress, might be limited by abscisic acid (ABA). 
Applications of ABA very slightly decreased tassel length while axillary tassel growths were 
not measured (Damptey et al., 1978). The affects of auxin on axillary branching has been 
reviewed by Leyser (2003). More recently in barren inflorescence2 mutants, suppression of 
tassel axillary branching was related to altered expression of ZmPIN1 involved in auxin 
transport (McSteen and Hake, 2001; Carraro et al., 2006). An increase in PIN1 expression 
was found in a more axillary branching (max) mutant, max1-max4 (Bennett et al., 2006). 
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While efflux of auxin is related to increased branching, Cline and Oh (2006) reported that 
application of ABA decreased branch production in two of three herbaceous species. Since 
the MAX pathway uses a carotenoid derived hormone, they suggest production of this 
hormone might be related to production of carotenoid derived ABA. Thus production of 
ABA might correspond with the production of the hormone used by the MAX pathway 
leading to decreased auxin efflux and fewer tassel branches and spikelets. In addition ABA 
has been shown to increase in leaves due to chilling (Janowiak et al., 2003, Melkonian et al., 
2004). Lejeurne et al. (1998) showed a repression of chilling effects on ear placement 
through the application of cytokinin. In addition the cytokinin root-to-shoot transportation 
decreased under chilling. However, the role of cytokinin in branch production is still not 
clear (Schmülling, 2002). Decreased photosynthetic rates occur under chilling due to 
reduction in production and/or activity of several key photochemical components (Kingston-
Smith et al., 1997; Kingston-Smith et al., 1999). Light energy not utilized for photochemical 
reactions may be quenched through fluorescence, nonphotochemical quenching, or may lead 
to production of reactive oxygen species (ROS) (Müller et al., 2001). A mechanism of 
nonphotochemical quenching includes the xanthophyll cycle (Demmig et al., 1987). 
Bechoux et al. (2000) proposed that decreased tassel axillary branching from chilling stress 
was due to ROS damage. Foyer et al. (2002) suggested that since down regulation of 
photosynthetic apparatuses remain tightly coordinated during chilling, the increased 
presence of ROS is due to the failure of antioxidants to quench ROS as opposed to increased 
production. In particular it was suggested that limited transport of reduced glutathione from 
the mesophyll to the bundle sheath cells results in increased ROS in the bundle sheath cells.  
A plant’s response to abiotic stress is critical to its survival. Moreover a plant’s 
response to less than optimal cultural practices and deleterious morphological changes 
during development is critical to obtaining top yields. While soybean (Glycine max) has 
shown to be highly responsive to stand variability, maize had comparatively low 
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responsiveness owed to a lower vegetative and reproductive plasticity (Andrade and Abbate, 
2005). Tassel components with the greatest variation in production were identified by Vidal-
Martínez et al. (2004). Of the components quantified, spikelet and branch production 
explained much of the variation in the weight of pollen dehisced and collected in bags 
placed on tassels. The potential plasticity of tassel components, pollen production, and 
pollen size to compensate for reduced production of earlier produced tassel components that 
lead to pollen production is not understood. 
Before the effects of stress on pollen production can be assessed, the morphology of 
the tassel should be understood. Specifically a better understanding is needed in inbreds of 
the timing of tassel components that lead to pollen production in relationship to leaf 
emergence and heat units. Several events lead to the formation of normal tassels and pollen 
grains. These events begin with transition of the apical meristem from the adult vegetative 
stage to a reproductive stage (Bonnett, 1953). Events following include the production of 
branch meristems, spikelet pair primordia, spikelets, florets, anthers, and finally pollen. 
Weatherwax (1916) provided an early description with some insight into differential pollen 
maturation between florets within a spikelet. Bonnett (1940) presented a detailed description 
of tassel formation events from tassel initiation through anther formation. SEM and TEM 
allowed a refined account of tassel development through anther initiation (Cheng et al., 
1983). Stevens et al. (1986) related inflorescence development to leaf stages in a popcorn 
line, Iopop 12, and the hybrid B73 X MO17. Plants were viewed from the third to thirteenth 
leaf stage. Formation and development of tobacco anthers has been described in depth by 
Goldberg et al. (1993). Chang and Neuffer (1989) and McCormick (1993) outlined stages of 
microsporogenesis from tapetal initials to mature pollen grain formation. In addition timing 
of microsporogenesis has been related to time in days and relative to floret position (Hsu and 
Peterson, 1981; Hsu et al., 1988). 
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More recently, molecular techniques have aided in delineating the developmental 
patterns of tassel structures. McSteen and Hake (2001) reported that barren inflorescence2 
(bif2) mutants preferentially formed pedicellate spikelets compared to sessile spikelets and 
suggested that since bif2 mutants inhibit spikelet formation, sessile cell initials form after 
pedicellate cell initials. Similarly in bif2 mutants, the non-defective floret was the lower 
floret which indicated that the upper floret forms after the lower floret. Using an 
indeterminate spikelet1 mutant, Chuck et al. (1998) also concluded that the lower floret is 
produced first followed by upper floret formation.  
Considerable knowledge is present on maize pollen response to stress later in 
formation. However much less is known on stress effects on tassel formation and early 
stages of pollen formation, especially for elite dent inbreds. In addition, component 
compensation for pollen production has not been previously reported. These investigations 
require an intimate knowledge of tassel morphological development. While tassel 
morphology has been characterized often, very little has been reported on the timing of 
when tassel components are initiated throughout the tassel in modern inbreds. Such is 
necessary to understanding stress effects during plant development not only in research 
investigations but also seed field production. When investigating stress effects on tassel 
formation, pollen production, and pollen production component compensation, a reliable and 
repeatable pollen quantification method is required. While several pollen yield measurement 
methods are available, none quantify total pollen produced per single tassel. This 
measurement assists in determining if pollen production in pollen production component 
compensation studies without confounding effects of percent of pollen shed. 
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Abstract 
Because of its high numbers, small size and variable maturation within a tassel, 
quantifying maize (Zea mays L.) pollen production per tassel is inherently challenging. No 
method is available to quantify total pollen produced per tassel. A novel technique is 
presented that involves extraction of pre-shed pollen from dried tassels, separation of pollen 
from tassel debris, and counting of pollen. The accuracy of this method was evaluated 
against established methods and by quantifying known quantities of pollen samples. 
Benefits of the new technique include the quantification of all pollen produced by a tassel, 
the ability to measure pollen production on a single tassel, a direct count of pollen grains and 
a comparatively low CV. However it is relatively resource intensive. In addition, this 
technique allows quantifying total pollen produced without confounding effects from pollen 
shed percentage and a means to quickly and easily obtain tassel samples during flowering 
when time may be limiting.  
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Introduction 
While assessing management practices for hybrid seed maize production, Dungan 
and Gausman (1951, p. 92) candidly stated, “It is not easy to determine yield of pollen…”.  
Quantifying the pollen available for receptive silks, however, is a key seed production 
variable since ample pollen production from the male parent maximizes seed set and 
minimizes outcrosses. The tassel size and pollen quantity produced depends on cultural 
practices, environmental conditions, genetic material, and their interactions (Dungan and 
Gausman, 1951; Struik, 1982; Bechoux et al., 2000; Uribelarrea et al., 2002). Accurately 
quantifying how pollen production is affected by such factors results in best management 
practices for pollen production and subsequent hybrid seed production. 
Various methods have been employed to quantify pollen. One method captures 
pollen using rotating rods coated with silicon grease followed by a visual count of pollen 
(Flottum et al., 1984). Another method utilizes flat sticky surfaces usually placed at silk 
level to capture pollen (Sadras et al., 1985). These methods provide estimates of pollen 
available to silks which is reported to be about 23 percent of shed pollen (Aylor, 2005). In 
addition these methods are not conducive to small plot or single plant research due to 
dispersal properties of pollen and the potential of nearby pollen sources contaminating 
samples. Yet small plot or single plant research may be ideal for high throughput 
phenotyping or investigating the effects of various crop management practices. For this type 
of research, pollen was captured by placing bags over tassels (Hall et al., 1982) or more 
recently conducted by placing over tassels clear bags which are air permeable but do not 
allow pollen escape (Fonseca et al., 2003). Placing bags over tassels raises concerns about 
environmental effects on the tassels. One of the greatest concerns is elevated temperatures 
within the bag which might affect pollen yield differentially across genotypes. Fonseca et al. 
(2003) utilized two additional methods, one involving measurements of tassel morphology 
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and the other using the change in weight of pre-shed to post-shed tassels. Unfortunately the 
first method does not account for variation in spikelet density or pollen per spikelet. The 
accuracy of the latter method was deemed unsatisfactory. Although all of these methods 
have desirable attributes, their shortcomings may have limited researchers from quantifying 
pollen production despite the potential value of these data in their studies (Green, 1949; 
Dungan and Gausman, 1951; Dhingra and Varghese, 1985; Vasilas and Seif, 1985; Sharma 
et al., 1990; Bechoux et al., 2000; Mangen et al., 2005). 
Inherent difficulties in quantifying pollen production include capture, isolation, and 
counting of pollen grains. Pollen microsporogenesis occurs first near the middle of the 
rachis and later at the base of the tassel (Hsu et al., 1988). This spatial pattern corresponds to 
the spatial pattern of shed across a tassel indicating that while some pollen within a tassel is 
shedding other pollen is still maturing. Thus it is possible that not all pollen in a tassel is 
available for capture at one time thereby limiting attempts to collect pollen prior to 
dehiscence. The small size of maize pollen, 90 to 105 µm in diameter (Kumar and Sarkar, 
1980; Baltazar et al., 2005), and prolific production (millions of pollen per tassel) have also 
hindered efforts to efficiently count pollen. The small size often requires special 
instrumentation while the large numbers require considerable sub-sampling. Several 
methods have been utilized including visual counts (Hall et al., 1982), the use of the 
electrical charge properties of pollen induced by a helium neon laser (Dukhovnyi, 1975), 
and the use of image capture of pollen and subsequent analyses (Bassetti and Westgate, 
1994). Recently a particle counter has been utilized to quickly count a relatively large 
sample of particles with diameters similar to pollen (Fonseca et al., 2003). 
While several methods are available to assess pollen production, none quantify total 
pollen produced on a single tassel. Such measurements are required when evaluating total 
pollen produced without confounding effects from percent of pollen shed. This paper 
presents a novel technique for quantifying total pollen production per tassel (PPT). The 
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objective of this study was to determine if the technique accurately and precisely measured 
pollen produced. Since pollen is collected pre-shed, it was characterized for properties 
necessary for being processed by this technique including size and resistance to bursting. 
Finally, the PPT method is compared and contrasted to other established pollen yield 
methods to identify if reasonable and expect values are produced.  
Methods and Materials 
Accuracy and precision study 
The new pollen production method’s accuracy and precision were assessed by 
evaluating pollen counts obtained when processing known amounts of pollen and tassel 
material. Treatments included three levels of pollen and tassel material each combined in a 
factorial RCB design with 4 replications blocked in time. Maize pollen with a pollen 
diameter of 80 to 100 µm was collected at shed and air dried. Approximately one, two, and 
four grams of pollen were weighed and recorded to the nearest mg. The number of pollen 
grains per mg was determined by weighing and counting additional pollen amounts using a 
particle counter, Coulter Multisizer II (Beckman Coulter, Fullerton, California). The Coulter 
Multisizer II was calibrated for pollen counts to ensure accuracy of counts. The three levels 
of tassel material included rachis only, whole tassel, and whole tassel plus branches from 
another tassel. The tassel material was from nearly sterile tassels which produced relatively 
low amounts of pollen of less than 150,000 pollen grains per tassel based on pollen counting 
methods described below. The treatments of pollen and tassel amounts were processed using 
the PPT method as follows. Tassels were dried at 60ºC in an air flow drier and then ground 
in a coffee grinder (Mr. Coffee coffee grinder, IDS57, Jarden Corporation, Rye, New York). 
Grinding of tassels is needed to break open anthers. Drying tassels creates brittle anthers 
conducive to breaking thus allowing pollen removal. The debris was rinsed with water onto 
a 120 µm nylon screen. Pollen was washed through the 120 µm screen to a 53 µm nylon 
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screen. Pollen from the 53 µm screen was rinsed through a second 120 µm screen to a 
second 53 µm screen to further remove non-pollen material. The pollen was rinsed with 
Diluent 2 (Nerl Diagnostics, East Providence, Rhode Island) into a 50 mL Falcon tube and 
brought up to 50 mL. Two 1-mL sub-samples were obtained, brought up to 150 mL in 
Diluent 2, and 10 mL was analyzed with a Coulter Multisizer II. Two to three counts were 
recorded of particles between 53 and 120 µm in diameter. The percent of pollen grains 
recovered was calculated as follows: 
 
percent recovered = . 100% × CP × 750  
 grams of pollen added × pollen grains per gram 
 
where CP is the number of counted pollen grains and 750 accounts for sub-sampling. 
Precision of pollen estimates are provided as the standard error around PPT as described 
below. 
Pre-shed pollen characterization study 
To determine pollen diameter, which is necessary to determine screen size during sieving 
and ranges to use on a particle counter, diameters of pollen collected from five inbreds were 
quantified. The same inbreds were used as in the comparison of pollen quantification 
methods study described below. Two inbreds were flints, Flint1A and Flint2A 
(approximately 77 relative maturity (RM)) and three inbreds contained Iodent background, 
Dent1A, Dent2A and Dent3A (approximately 106 RM). Field plots were a RCB design 
grown at Johnston, Iowa and Viluco, Chile with three replications per location. Five tassels 
per plot were collected at anthesis when the first anthers were extruded from florets and 
dried in air-flow chambers. Six spikelet pairs were collected at the middle of the rachis 
below extruded anthers, and another six spikelet pairs were collected near the middle of the 
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lowest branch. Since these are the first and last locations on the tassel from which pollen 
sheds, this sampling should provide the largest range in pollen diameter. Three spikelet pairs 
were processed in water and three in Diluent 2 to assess effects on pollen diameter and 
pollen bursting. Spikelet pairs from each tassel location were ground and then washed 
through a 120 µm nylon screen and onto a 30 µm nylon screen. A sub-sample of pollen 
collected on the 30 µm screen was imaged. Pollen diameters were measured using 
Metamorph Imaging System (Universal Imaging Corporation, West Chester, PA). Percent of 
pollen grains burst was determined by visually reviewing 100 pollen grains per sub-sample. 
After image capture, pollen samples in water were transferred to Diluent 2. Pollen diameters 
were recorded on a Coulter Multisizer II visually by estimating the histogram’s peak. The 
diameter at the histogram’s 5% and 95% tails were also recorded from each sample. 
Comparison of pollen quantification methods study 
Three methods to quantify pollen production per tassel were compared and 
contrasted for amount of pollen production measurement, correlation in pollen production, 
and results using known inbred characteristics. Five inbreds were grown as the main plot in 
a split-plot RCB design with pollen quantification method as the sub-plot. Sub-plots 
consisted of one row plots with one row of border between main plots. The experiment was 
conducted at two locations (Johnston, Iowa and Aussonne, France) with three replications 
per location. Genotypes included the same inbreds as in the pre-shed pollen characterization 
study, Flint1A, Flint2A, Dent1A, Dent2A and Dent3A. Genetic material selection was based 
on variations in RM, adaptation to environment, expected tolerance to heat stress, and pollen 
production. The methods to quantify pollen included 1) the PPT method as previously 
described,  2) measuring change in tassel weight (∆TW) (Fonseca et al., 2003), and 3) 
measuring pollen collected in clear air permeable bags (Pantek, Montesson, France) which 
are capable of gas exchange but do not allow pollen escape (PB) (Fonseca et al., 2003). 
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Measurements for the PPT method were conducted as previously described using water to 
sieve pollen. Counted pollen (CP) values from the Coulter Multisizer II were converted to 
PPT as previously described. Pollen counts were the average of five representative tassels 
collected per plot. Measurements for the ∆TW method were made by selecting five 
representative tassels per plot at anthesis when the first anthers are extruded from florets and 
another five representative tassels after the completion of pollen shed. Tassels were dried in 
an air-flow drier at 60ºC and weighed upon removal from drier. To convert pollen weight to 
pollen number, pollen from ∆TW plots was collected by placing air permeable bags on two 
tassels per main plot and replacing every three days. Pollen from all bags within a main plot 
were combined, dry sieved to remove non-pollen debris, dried in an air-flow drier at 60ºC, 
weighed upon removal from drier, and counted with a Coulter Multisizer II using Diluent 2. 
Values for ∆TW are the weight difference between the two cohorts of five tassels multiplied 
by the number of pollen grains per unit weight. Measurements for the PM method were 
made by enclosing five representative tassels per plot with air permeable bags at anthesis 
when the first anthers are extruded. Two additional tassels were bagged and used if damage 
occurred to any of the original five tassels. Bags were replaced every three days until the end 
of pollen shed. Three day intervals were used to minimize pollen loss and tassel damage 
possible with bag exchange. Pollen was washed from the bag using Diluent 2 and sieved 
through a 120 µm screen to a 53 µm screen. Pollen on the 53 µm screen was counted with a 
Coulter Multisizer II similar to the PPT method.  
Additional data collected included the following. Shed duration was recorded for 
tassels with air permeable bags and adjacent tassels without air permeable bags. 
Temperatures were recorded hourly inside air permeable bags and on adjacent tassels 
without air permeable bags. Time required to conduct each pollen measurement method was 
determined and included field and lab work for five tassels.  
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Results and Discussion 
Accuracy and precision study 
Only amount of pollen produced a significant (P<0.05) effect on percent of counted 
pollen (Table 1). Less pollen was recovered when greater amounts of pollen were added 
(Table 2). The following equation calculates PPT, or in this case the number of pollen grains 
added, based on CP. 
 
PPT =  CP  
 (99.3 – 7.19 X 10
-7
 × CP)/100 
 
The denominator figures the percent of total pollen that was counted in a given sample. The 
coefficients were determined using data in this study by regressing the percent counted on 
CP. 
Precision is given as the standard error of the PPT which was derived from 
regression results using the Delta method. The standard error of PPT (SE) is 
 
SE =  CP × (var(β0) + CP
 2
 × var(β1) + 2 × CP × cov(β0, β1) + (CP/(CP/PPT))
-2
 × ( β0)
 2 
 × MSE)
 1/2
 
 (CP/PPT)
2 
 
where var(β0) is the variance of the intercept coefficient, var(β1) is the variance of the slope 
coefficient, cov(β0, β1) is the covariance of the intercept and slope coefficients, β0 is the 
intercept, and MSE is the mean square error. These were calculated from the regression of 
percent counted on CP. This standard error provides an estimate of precision for a single 
tassel (Table 3). The standard error is about five percent of the pollen counted. Of course the 
use of additional tassels as sub-samples would increase the confidence of the PPT value. 
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Pre-shed pollen characterization study 
The Coulter Multisizer II produces an on-screen display of a histogram of diameters 
for objects that it counts. Diameters obtained from the peak of the histogram on the Coulter 
Multisizer II averaged only 4 µm less than the average pollen diameter obtained from 
images. The difference was fairly consistent with the greatest discrepancy being between 
locations where the difference averaged 5 µm for samples from Chile and 2 µm for samples 
from Iowa; therefore, the more precise values from images were used. The minimum 
opening on screens which would capture 95% of pollen grains while still allowing adequate 
liquid flow was determined. When figured across combinations of location, genotype, and 
tassel location, 53 µm and 56 µm were the minimum diameters when processing with water 
and Diluent 2, respectively. Although sieving removes most non-pollen material, some 
tassel debris which is often smaller than pollen remains. Setting a lower threshold on screen 
size and particle counter also aids in eliminating such debris from counts. While some pollen 
is not counted, some debris larger than the minimum threshold is counted. Other 
environments and genetics may require other thresholds. The largest pollen diameters across 
combinations of location, genotype, and tassel location were 99 µm and 100 µm for water 
and Diluent 2, respectively. 
The average diameters of pollen grains obtained from images were analyzed across 
treatments. Pollen diameters obtained from Chile (80 µm) were larger than from Iowa (74 
µm) (P<0.01). An interaction of inbred and tassel location was present (P<0.01) in which 
pollen on the lowest branch was smaller than or equal to pollen from the rachis across 
inbreds. Pollen on the lowest branch may still be accumulating starch and enlarging while 
pollen on the rachis is mature. When pollen was processed in Diluent 2, the average pollen 
diameter (78 µm) was greater than when processed in water (76 µm) (P<0.01). Across all 
location, genotype, tassel location, and liquid type combinations, average pollen diameters 
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ranged from 66 to 87 µm. This is smaller than previously reported for inbreds (Kumar and 
Sarkar, 1980). This may be partially due to the harvest of pollen grains pre-shed that may be 
still enlarging up to shed. Also the data collected in this study accounts for all pollen grains 
including smaller, less developed pollen grains that may not shed or shed later.  
Diluent 2 has been used when handling pollen to minimize osmotic pressure and thus 
pollen grain bursting. However water is a cheaper and can be more easily used in sieving. 
To better understand the implications of using water in place of Diluent 2, samples were 
processed using both liquids. An interaction among location, genotype, and liquid type was 
present (P<0.01). Bursting did not differ between liquids for each inbred from samples 
collected in Chile (P>0.10). For samples collected in Iowa, more pollen bursting was present 
for two inbreds when in water, less in one inbred when in water, and did not differ for two 
inbreds (P=0.05). The percent of pollen bursting for freshly shed pollen when placed in 
water is considerably more than when placed in Diluent 2 or when dried at high 
temperatures and placed in either water or Diluent 2 (Tranel, unpublished data, 2007). Burst 
pollen may or may not be counted by the particle counter. 
These data show that pre-shed pollen can be collected and processed using the new 
pollen production technique. Since pollen diameter can vary across genotypes and 
environments, smaller or larger screen sizes and particle counter settings might be more 
appropriate for other studies. Pollen bursting was sometimes less when processing in Diluent 
2 compared with water; however variation existed. Use of either liquid is expected to 
produce reliable results. 
Comparison of pollen quantification study 
Poor stand establishment of Dent3A plots in Iowa resulted in insufficient tassels 
available for ∆TW data. An interaction for location, genotype, and method was present 
(P<0.01) for pollen production (Fig. 1). Across methods, flint lines produced more or similar 
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amounts of pollen in France than in Iowa while the dent lines produced more or similar 
amounts of pollen in Iowa than in France. The temperate environment in the France location 
is more conducive for these flint inbreds where they are adapted. The PB method always 
produced lesser pollen counts than other methods within a location for the dent lines but not 
always for the flint lines. Several factors may have contributed to the lower pollen 
production. The PB method measures the amount of pollen shed from anthers while the 
other methods more closely quantify total pollen produced. This difference is observed in 
Dent3A where high volumes of pollen were produced based on the PPT and ∆TW methods 
but a relatively low percent of pollen was obtained from the PB method. This inbred is 
known for poor pollen shed despite high pollen production. Additionally the air permeable 
bag may create a heat stress environment around the tassel. The lower pollen production of 
Dent3A from the PB method may be due to high responsiveness to heat stress from the 
breathable bag. Hourly temperatures were recorded inside the air permeable bag and on an 
adjacent tassel without an air permeable bag. Daily trends were very similar across tassels 
and days; therefore, average hourly temperatures across one day are provided for each 
location (Fig. 2). Temperatures inside the air permeable bag reached as high as 7ºC above 
temperatures outside the bag. However the highest temperatures inside the bag in France 
were only slightly higher than the highest temperatures outside the bag in Iowa. Higher 
temperatures shortly prior to pollen shed have been reported to decrease pollen viability 
(Herrero et al., 1980; Schoper et al., 1987; Roy et al., 1995). Less information on pollen 
production or shed is available; however Schoper et al., (1987) reported fewer anthers 
emerged at higher temperatures leading to lower pollen shed. Pollen viability and anther 
emergence were not recorded in this study. Although the higher temperatures might decrease 
pollen quantity or quality, in this study there was not a lower pollen yield (P>0.10) 
measured by the PB method in the warmer location (Iowa) compared to the more temperate 
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location (France) for each inbred. Shed durations did not differ between tassels covered by 
the permeable bag and those without.  
Pollen production from PPT and ∆TW differed (P<0.10) when comparing within a 
location only for Flint1A and for Dent3A. Visual observation indicates that Flint1A 
maintained tight glumes around anthers limiting anther exertion and loss of anthers that do 
not typically shed pollen. Pollen not shed would not be accounted by the ∆TW which would 
underestimate pollen production. PPT related well with ∆TW (r=0.88, P<0.01), but PB did 
not relate well with ∆TW (r=0.45, P=0.02) or PPT (r=0.11, P=0.55). The low percentage of 
pollen shed of Dent3a contributes to the low correlations between PB and other methods. 
Using data from all inbreds other than Dent3a, PB correlations improved with ∆TW (r=0.81, 
P<0.01) and PPT (r=0.80, P<0.01).  The correlation between ∆TW and PPT indicates a 
greater accuracy in pollen quantification when using ∆TW then previously suggested by 
Fonseca et al. (2003). Since ∆TW is based on weight measurement, several factors can 
lower accuracy of data. This includes continued weight gain by the tassel for some 
genotypes after the start of pollen shed (Pioneer Hi-Bred, unpublished data, 1985) and loss 
of tassel material other than pollen. If pollen diameter, and therefore pollen weight, varies 
among genotypes and is not accounted, the accuracy of ∆TW decreases. 
The coefficient of variation (CV) was calculated across replications for each 
combination of location, genotype, and method and then averaged across inbreds (Table 4). 
The CV for PPT was lowest followed by ∆TW and PB. The time required to quantify pollen 
production from five tassels, or one replication, differed greatly among methods. The PPT 
method required the longest time of 127 minutes followed by PB which required 94 minutes 
and finally ∆TW requiring only 14 minutes which includes procedures for converting weight 
to pollen. A short amount of time is required to collect tassel samples from the field for the 
PPT method which may be critical when other time consuming field activities such as 
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pollination occur. Obviously the choice of pollen quantification method is strongly 
influenced by resource and precision requirements. 
This study evaluated PPT for levels from 4.0 to 15.0 million pollen grains per tassel. 
Pollen per tassel has been reported to range from 0.5 to 25 million depending upon genetic 
material and methods of measurement (Kiesselbach, 1949; Hsu et al., 1988; Uribelarrea et 
al., 2002; Fonseca et al., 2004). The smaller amounts are for modern inbreds based on the 
amount of pollen shed. The levels evaluated are near the levels measured on the five inbreds 
tested in this study. PPT provides measurements of total pollen produced by the tassel, or 
potential pollen available. This method does not account for such factors as pollen released 
from anthers, pollen movement to silk level, and ability to fertilize ovules. This information 
is desirable in efforts to move from potential pollen to pollen available to fertilize an ovule, 
or realized pollen. However, not confounding pollen production data with these factors may 
be desirable when research objects are to establishing total pollen produced per tassel. 
Conclusion 
 The collection of a tassel at anthesis followed by drying, grinding, and wet sieving to 
separate pollen from tassel debris for quantifying pollen production has not been previously 
reported. This novel technique accurately and precisely measures pollen produced per tassel 
without confounding effects from pollen not shed from anthers. Appropriate equipment and 
settings are required for separating pollen from non-pollen debris and may vary across 
environments and genetics. Either water or Diluent 2 can be used in this technique for 
separating pollen from non-pollen debris. When compared against established methods for 
measuring pollen production, this new technique produced results as expected based on 
knowledge of the environments and genetic material to which they were subjected. Those 
evaluating pollen production should consider this technique when assessing total pollen 
production per tassel. 
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Table 1. ANOVA for percent pollen recovered. 
    
 Source df F 
 Replication 3 2.4 
 Pollen 2 12.5* 
 Tassel 2 0.2 
 Pollen × Tassel 4 0.4 
 * Significant at the 0.01 probability level.  
 
Table 2. Percent of pollen recovered and counted at various levels of pollen. 
        
 
Pollen 
level 
Percent 
counted 
Pollen grains 
counted  
 g % ×10
6
†  
 1 97.3a‡ 4.05  
 2 92.9b   7.73  
 4 88.7c   14.75  
 
†Multiply the reported numbers by this to obtain the actual 
numbers. 
 
‡Different letters indicate significant differences in percent 
recovery at the 0.05 probability level. 
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Table 3. Standard error (SE) of potential pollen counts (CP) and corresponding calculated 
pollen production per tassel (PPT). 
         
 CP PPT SE of PPT   
 ×10
6
† ×10
6
 ×10
6
   
 4.00 4.15 0.19   
 8.00 8.55 0.42   
 16.00 18.21 1.05   
 
†Multiply the reported numbers by this to 
obtain the actual numbers.   
 
Table 4. Coefficient of variation values for measured pollen production from each method 
and location combination averaged across inbreds.  
     
 Method FR† IA Average 
 PB‡ 45 23 34 
 PPT 10 19 15 
 ∆TW 18 31 25 
 
†FR = France, IA = Iowa 
‡ PB = permeable bag method, PPT = pollen 
production per tassel method, ∆TW = total weight 
method. 
 
 38 
Fig. 1. Pollen production per tassel determined by three methods (PB = permeable bag, PPT 
= pollen production per tassel, ∆TW = total weight) at two locations (France – FR, Iowa – 
IA) for five inbreds. Different letters within an inbred indicate significant differences in 
pollen production at the 0.05 probability level. 
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Fig. 2. Temperatures recorded within air permeable bags, on adjacent tassels without air 
permeable bags, and their difference throughout a day at two locations (France – FR, Iowa – 
IA). 
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CHAPTER 3. TASSEL DEVELOPMENT EVENTS LEADING 
TO POLLEN PRODUCTION: A TIMELINE 
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Abstract 
Establishing the timing of maize (Zea mays L.) male inflorescence developmental 
events is fundamental to predicting flowering time and understanding the affects of stress on 
tassel development and pollen production. Therefore, critical events of tassel and pollen 
formation were characterized in relation to plant development and heat unit accumulation. 
Two inbreds, Dent12 (103 d relative maturity (RM)) and Dent11 (113 RM) were grown 
under controlled greenhouse conditions. About every two days, three plants per inbred were 
dissected to relate events leading to pollen production to plant development. It took longer 
for Dent11 to reach meiosis following tassel initiation than for Dent12. Tassel initiation 
occurred from fourth leaf stage, six leaf tips (V4:T6) to V5:T7. Branch meristems appeared 
from V4:T7 to V6:T9. Spikelet pair primordia (SPP) appeared from V5:T7 to V7:T10, while 
spikelets differentiated from V5:T9 to V8:T12. Lower floret initiation occurred from 
V6:T11 to V8:T13. However, most lower florets were initiated within a 60 heat unit period 
across the tassel. For a given spikelet pair, florets formed in the pedicellate spikelet only 
slightly prior to the sessile spikelet. Anthers were visible within 30 heat units of floret 
development. After anther formation, pollen mother cells are produced which then enter 
meiosis. Pollen mother cells entered meiosis approximately 90 heat units after anther 
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initiation, and meiosis occurred from V9:T14 to V12:T15. The rate of tassel development 
relative to leaf emergence was the same for both inbreds despite their different rates of 
development relative to heat unit accumulation. The durations and rates of when these tassel 
developmental events occur relative to leaf emergence and heat units have not been 
previously reported for modern dent inbreds.  
Introduction 
Although pollen is plentiful in most grain fields, it can be a limiting factor in hybrid 
maize seed production. This is partially a result of maximizing field area allocated to the 
female parent. This maximizes the saleable seed but minimizes field proportions allocated to 
the male parent. Limited pollen production is emphasized for males that may have favorable 
combining ability but produce low amounts of pollen. In addition, not only are sufficient 
pollen amounts required, pollen must also be delivered to the female silks when they are 
receptive. 
Optimizing management practices such as male planting rate, planting pattern and 
timing of planting male parents relative to female parents is inherently complex. Decisions 
to optimize management practices are based on many factors including but not limited to 
pollen produced per plant, pollen shed duration, pollen movement to silks and quality of 
pollen produced. Improved tools and methods are being developed to quantify these factors. 
In hybrids, pollen production per plant decreased as plant population increased (Uribelarrea 
et al., 2002). However total pollen available per area at silk level increased or remained the 
same with increasing plant population depending upon genetics. Increased plant population 
decreased shed duration as well. Aylor (2005) modeled pollen movement in the canopy to 
estimate what percent of shed pollen reached silk level. While roughly 23 percent of shed 
pollen reached silk level, this can vary depending upon wind speed, upper canopy 
turbulence, canopy architecture, and height of the tassel. Pollen movement to silks may also 
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be affected by female to male row pattern. Effective pollen must also be fertile. Most 
methods to measure pollen fertility have focused on pollen viability (Zhang, 1998; 
Rodriguez-Riano and Dafni, 2000; Pline et al., 2002). Unfortunately pollen viability assays 
do not fully account for all requirements necessary for a pollen grain to germinate and do 
not incorporate pollen-pistil compatibility issues (Stone et al. 1995; Rodriguez-Riano and 
Dafni, 2000). Although many factors are necessary for a genotype to perform as an 
acceptable male, a prerequisite is to produce a well formed tassel capable of producing 
ample pollen. In addition, a well formed tassel producing high volumes of pollen may 
alleviate inadequacies in such factors as pollen fertility or pollen movement to silks.  
Several events lead to the formation of normal tassels and pollen grains. These 
events begin with transition of the apical meristem from the adult vegetative stage to a 
reproductive stage (Irish and Nelson, 1991). Events following the transition include the 
production of branches, spikelet pairs, spikelets, florets, anthers, and finally pollen. 
Combined, these events determine the quantity of pollen produced. Tassel and pollen 
formation has been described previously. Weatherwax (1916) provided a description with 
some insight into differential pollen maturation between florets within a spikelet. Bonnett 
(1940) presented a detailed description of tassel formation events from tassel initiation 
through anther formation. Scanning electron microscopy and transmission electron 
microscopy allowed a refined account of tassel development through anther initiation 
(Cheng et al., 1983). Formation and development of anthers has been described in depth by 
Goldberg et al. (1993). Chang and Neuffer (1989) and McCormick (1993) reviewed stages 
of microsporogenesis from tapetal initials to mature pollen grain formation. In addition, 
timing of microsporogenesis has been related to time in days as well as across florets (Hsu 
and Peterson, 1981; Hsu et al., 1988). More recently, molecular techniques have aided in 
delineating the developmental patterns of tassel parts. McSteen and Hake (2001) reported 
that barren inflorescence2 (bif2) mutants preferentially formed pedicellate spikelets 
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compared to sessile spikelets and suggested that since bif2 mutants inhibit spikelet 
formation, sessile cell initials form after pedicellate cell initials. Similarly in bif2 mutants, 
the non-defective floret was the lower floret which indicated that the upper floret forms after 
the lower floret. Using an indeterminate spikelet1 mutant, Chuck et al. (1998) also 
concluded that the lower floret is produced first followed by upper floret formation.  
Bonnett (1953, p. 44) discussed the importance of understanding “the developmental 
pattern and the time sequence of this pattern” of the plant for crop production. To best utilize 
knowledge of events key for pollen production, these tassel developmental patterns need to 
be related to a time sequence such as whole plant development. This aids researchers and 
seed producers in ascertaining when particular stresses may affect pollen production and in 
the prediction of flowering. Stevens et al. (1986) related inflorescence development to leaf 
stages in a popcorn line, Iopop 12, and the hybrid B73 x MO17. The leaf staging system 
counted leaves when “the ligule was visible above the auricles of the previous leaf”. Plants 
were viewed from the third to thirteenth leaf stage. To date there are no reports relating 
tassel development to heat unit accumulation. The objectives of this study were to relate 
events from tassel initiation through microspore formation to leaf emergence and to growing 
degree days in inbred maize lines. These measurements were made on different parts of the 
tassel to quantify the duration of events throughout the tassel. This information indicates 
when key events leading to pollen production might be affected by experimental treatments 
and environmental stresses in seed production fields. In addition, quantifying the tassel 
development relationship with leaf emergence and thermal units provides insight to 
phenological development leading to flowering. 
Materials and Methods 
Plant Material 
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Two elite dent inbred lines were selected to provide a range in tassel developmental 
events relative to heat unit accumulation and leaf emergence. They were also selected for 
use in subsequent research because of they have previously exhibited variation in tassel 
morphology across environments (Pioneer Hi-Bred, unpublished data). Inbred Dent11 has a 
relative maturity (RM) of 113 days, sheds pollen at approximately 880 heat units (C), and 
produces 20 leaves on average. Inbred Dent12 has a RM of 103 days, sheds pollen at 
approximately 770 heat units (C), and produces 17 leaves on average. For each inbred, four 
seeds were planted per 9 inch diameter pot on May 4, 2005. Plants were thinned to three per 
pot at V3, two per pot at V4, and one per pot at tassel initiation to obtain uniform plants. 
Plants were grown under controlled conditions in greenhouses in Johnston, Iowa. Low and 
high temperatures were maintained near 19 and 29º C, respectively. Heat units accumulated 
at a rate of about 14.5 (C) up until meiosis when heat unit accumulation was about 19 (C) 
heat units per day. Supplemental lighting from high pressure sodium and metal halide lights 
was provided from 4 AM to 7 PM. Relative humidity averaged 75%. Five grams of 
osmocote was applied at V3 and again at six weeks after planting, and 0.5g of 20-10-20 
fertilizer per liter of water was applied during watering. Pots were pre-assigned one of 15 
collection times. There were three replications for each collection time for a total of 45 
plants per inbred. Therefore three plants per inbred were evaluated per collection time. Pots 
were arranged in a RCB and blocked by replication. Pots were re-arranged after each 
collection to maintain a 37,000 plant ha
-1
 spacing. 
Specimen Preparation 
Plants were collected generally every two days and staged (Ritchie et al., 1996). 
Visible leaf tips were also recorded when leaf tips were first visible in the whorl. Growing 
degree units (GDU) were recorded in degrees C (Shaw, 1988). Prior to meiosis, tassels were 
fixed in FAA (45% ethanol, 5% acetic acid, 5% formaldehyde). After meiosis, tassels were 
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fixed in a 3:1 ratio of 95% ethanol to acetic acid. After 24 hours in either fixative, tassels 
were transferred and stored in 70% ethanol. Images were taken of all tassels using an 
Olympus SZX12 microscope and Olympus U-CMAD3 digital camera. Scanning electron 
microscopy micrographs of selected tassels were taken. These selected tassels were 
dehydrated in a graded ethanol series up to 100% ultra-pure ethanol and dried using a 
Denton DCP-2 critical point dryer (Denton Vacuum, LLC, Moorestown, NJ). When dried, 
the samples were placed onto carbon adhesive coated aluminum stubs, sputter coated 
(Denton Desk II sputter coater, Denton Vacuum, LLC, Moorestown, NJ) with palladium 
gold alloy, and imaged using a JEOL 5800LV SEM (Japan Electron Optics Laboratory, 
Peabody, MA) at 10kV with a SIS ADDA II for digital image capture (Soft Imaging 
Systems Inc., Lakewood, CO). Microspore development was determined by squashing 
anthers and staining microspores in acetocarmine. Microspore developmental stages from 
pollen mother cells to the uninucleate stage were recorded based on stages provided by 
Chang and Neuffer (1989). 
Developmental Assessments 
The vegetative growth stage is followed by an intermediate stage prior to the start of 
reproductive growth (Irish and Nelson, 1991). During the intermediate stage, the apical 
meristem elongates. Elongation of the apical meristem has been used to identify tassel 
initiation (Warrington and Kanemasu, 1983; Stevens et al., 1986; Birch et al., 2003) using 
Plate2 B of Bonnett (1940) or rating 2 of Moncur (1981). In this study tassel initiation is 
quantified by the moment when the apical meristem elongated to so that its height equaled 
its width. This measurement is very similar to Plate2 B of Bonnett (1940) and rating 2 of 
Moncur (1981). Branch primordia were identified as growths larger than nearby spikelet pair 
primordia or growths not in spikelet pair rows. Initiation of spikelet pair primordia was 
quantified by counting the number of primordium growths along two rows of spikelet pair 
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primordia. Assessments were performed along the entire rachis and lowest branch since 
these are the first and last locations on the tassel from where pollen sheds. Spikelet and 
floret primordia were also quantified by assessing the number of spikelet or floret primordia 
along two rows of spikelet pair primordia along the rachis and lowest branch. Anther 
initiation was recorded for upper and lower florets within each of the pedicellate and sessile 
spikelets at the mid points of the rachis and lowest branch. Anther initiation was recorded 
when at least two anthers were visible within a floret at the mid points of the rachis and 
lowest branch. Pollen mother cells were collected from anthers collected from the similar 
locations of anther initiation recordings. 
Results and Discussion 
Seven events leading to pollen formation are discussed. Events given in Figure 1 are 
combined across inbreds and tassel components. Plant developmental stages, days after 
planting (DAP) and accumulated GDU after planting are provided for throughout the 
duration of when tassel formation events occur. Selecting uniformly developed plants during 
thinning and the controlled growth conditions resulted in highly uniform leaf stages that 
differed at most by only one leaf stage within an inbred. 
Tassel initiation 
Tassel initiation occurred at V4 six leaf tips stage (V4:T6) for Dent11 and V5:T7 for 
Dent12. Stevens et al. (1986) reported that tassel initiation occurred at similar plant stages of 
four leaves with visible ligules for B73 x Mo17 and five leaves with visible ligules for Iopop 
12. Tassel initiation occurred after 323 GDU. Time from planting to tassel initiation is 
dependent on temperature and photoperiod (Russell and Stuber, 1985). The heat unit value 
given for tassel initiation is expected to vary across genotypes and environments. The height 
at which the apical meristem equaled its width was 0.20 to 0.30 mm. This is smaller than the 
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0.4 mm criteria used for tassel initiation across several inbreds and hybrids (Siemer et al., 
1969; Stevens et al., 1986). The discrepancies might be explained by slight differences in 
criteria used to identify tassel initiation. However when outgrowths of branches were visible 
for inbreds in this study, the apical meristem height was generally less than 0.38 mm. 
Another explanation could be that these genetics produced smaller apical meristems. For 
Dent12 plants planted in a nearby field, the apical meristem at tassel initiation was of similar 
size as those plants in the greenhouse indicating the smaller size may not be due to the 
greenhouse environment. Meristem size directly relates to tassel and ear size; although ear 
formation has been more responsive to meristem size than tassel formation (Vollbrecht et 
al., 2000; Taguchi-Shiobara et al., 2001; Bommert et al., 2005).  A smaller apical meristem 
of these modern genetics relates to smaller tassels of modern genetics (Duvick, 2005). If 
breeding practices lead to smaller tassel sizes due to selection of smaller apical meristems, 
then further investigations are warranted to understand possible benefits related to a smaller 
apical meristem as well as possible changes of the axillary meristem that produces the ear. 
Branch Primordium Initiation 
Branch primordia were initiated from V4:T7 to V5:T8 for Dent11 and V5:T7 to 
V6:T9 for Dent12. Branch primordium initiations lasted for about 87 heat units or from 26 
to 32 DAP. Within two days after tassel initiation the first branch primordia were visible. 
This suggests that the branch cell initials begin differentiating very soon after the end of the 
adult vegetative stage for these inbreds. Although Stevens et al. (1986) reported that branch 
primordia were not visible until after four or five days after tassel initiation. 
Spikelet Pair Primordium Initiation 
Spikelet pair primordia (SPP) initiated throughout Dent11’s tassel from V5:T7 to 
V6:T11 (440 to 558 GDU); though SPP initiation on branches did not begin until V5:T9 
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(Table 1). For Dent12 80 percent of the SPP initiated from V5:T8 to V6:T9 (410 to 469 
GDU). SPP initiation continued until V7:T10 (529 GDU) on both the rachis and lowest 
branch. SPP initiation first occurred on Dent11 29 to 58 heat units after the first branch 
primordia were observed. SPP first were visible on Dent12 on the same day to 29 heat units 
after the first branch primordia were observed. Initially SPP are visually very similar to 
branch primordia. While spikelet pair primordia generally form along columns, branch 
primordia appear at irregular positions on the rachis. Spikelet pair primordia can be grouped 
as a type of branch primordia (McSteen and Leyser, 2005). In ramosa1 (ra1) mutants, 
spikelet pairs are indeterminate and are visually similar to branches (Vollbrecht et al., 2005). 
The liguleless2 (lg2) mutant produces a tassel with the branches replaced by nodes. Using 
the double mutant of ra1 and lg2, Vollbrecht et al. (2005) produced a tassel with 
indeterminate spikelet pairs and only nodes in place of branches suggesting the requirement 
of lg2 for indeterminate branch growth but not for indeterminate spikelet pair growth. These 
studies aid in categorizing components that lead to pollen production and explaining how 
stresses at various times may differentially affect each component. 
Spikelet Primordium Initiation   
On both the rachis and lowest branch, pedicellate and sessile spikelet primordia were 
first visible 29 heat units after SPP were first visible. Most spikelets initiated from V5:T9 to 
V7:T11 (499 to 587 GDU) on Dent11 and from V6:T9 to V8:T12 (440 to 558 GDU) on 
Dent12 (Table 2). Appearance on the lowest branch was delayed by about 29 to 58 heat 
units compared to the rachis. While spikelet pair primordia form acropetally, the first 
spikelets formed approximately one third to half way up from the lowest spikelet. Spikelets 
continued to be formed acropetally and basipetally from this position on the rachis. This 
closely relates to the pollen shed pattern across the tassel. B73 x Mo17 and Iopop 12 first 
initiated sessile spikelets with six and seven leaves with visible ligules present, respectively 
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(Stevens et al., 1986). McSteen and Hake (2001) produced a bif2 mutant which 
preferentially produced the pedicellate spikelet and suggested that the pedicellate spikelets 
form ahead of sessile spikelets. This agrees with not only our visual observations but also 
that later developmental events in the pedicellate spikelet are slightly ahead of those in the 
sessile spikelet. 
Floret Initiation 
Florets initiated within 58 to 87 heat units after their spikelet primordia were first 
visible.  Floret initiation began at V6:T11 and was complete at V8:T13 on Dent11 (Table 3). 
For Dent12, florets were visible beginning at V7:T10 and floret initiation ceased by V8:T12. 
For both Dent11 and Dent12, floret initiation on the lowest branch was delayed by about 28 
heat units compared to that on the rachis. Most florets initiated within 58 heat units 
throughout the tassel. For both the rachis and lowest branch, the florets were visible in the 
sessile spikelet only slightly after they were visible in the pedicellate spikelet. Since only a 
small number, three or less, of spikelet pairs on the rachis had a pedicellate spikelet with 
florets initiated while the sessile spikelet did not, the time between floret initiations for 
spikelets within a spikelet pair is very short. McSteen and Hake (2001) and Chuck et al. 
(1998) suggest that the lower floret initiates prior to the upper floret. Previously the upper 
floret was thought to form ahead of the lower floret (Bonnett, 1940). This may be partially 
due to the fact that subsequent developmental events within the upper floret are ahead of the 
lower floret. Therefore if the upper floret initiates after the lower floret, it must develop at a 
faster rate. The upper floret forms adjacent to the inner glume. 
Anther Initiation 
Anther initiation occurred within 28 heat units of floret initiation. For Dent11 and 
Dent12, anthers first appeared at 587 GDU and 558 GDU, respectively (Table 4). Initiation 
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in Dent11 occurred from V7:T11 to V8:T13 and in Dent12 from V8:T12 to V9:T14. Anthers 
initiated at the middle of the lowest branch within 28 heat units after initiation at the middle 
of the rachis. Anther initiation in the sessile spikelet was first observed on the same day or 
within 28 heat units of the pedicellate spikelet. The difference in timing of anther initiation 
between the upper and lower floret within a spikelet was greater than between spikelets 
within a spikelet pair. However when anthers were present in the upper floret, they were also 
present in the lower floret within 28 heat units. Of the three anthers within a floret, the 
anther opposite the palea initiates slightly later than the other two anthers (Stevens et al., 
1986). Anthers initiated when approximately seven and eight leaves with visible ligules 
were present in B73 x Mo17 and Iopop 12, respectively (Stevens et al., 1986). 
Microspore Development 
Many events lead to the production of mature pollen grains. The production of 
tapetal initials which become pollen mother cells are the first major events (McCormick, 
1993). After passing through meiosis and tetrad release, microspores are produced. 
Following mitosis which involves two asymmetric divisions to produce one vegetative 
nuclei and two reproductive nuclei, pollen grains are produced. In this study, events were 
recorded from pollen mother cells until the uninucleate stage. Previous research has found 
stress during this period can detrimentally affect pollen formation (Namuco and O’Toole, 
1986; Mercado et al., 1997; Porch and Jahn, 2001). Microspore mother cells entered meiosis 
100 to 120 heat units after anthers were initiated. Meiosis occurred from V9:T14 to V11:T15 
(708 to 782 GDU) in Dent11 and V10:T15 to V12:T15 (660 to 746 GDU) in Dent12 (Table 
5). The relative timing of meiosis in the middle of the rachis and the middle of the lowest 
branch, the pedicellate and sessile spikelets, and the upper and lower florets was very similar 
to the timing of when anther initiation occurred. The difference in time of meiosis between 
upper and lower florets was about 40 heat units or two days on the middle of the rachis 
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while this difference on the lowest branch was less. Previous research by Hsu et al. (1988) 
reported the difference between the upper and lower floret was 4.6 days near the middle of 
the rachis (tassel maturity position 2) and 1.8 days near the lower part of the tassel (tassel 
maturity position 4). Also reported was that modern maize genetics had less differences. 
This research uses more modern inbreds and shows a shorter interval between meiosis in 
upper and lower florets then previously reported. 
Practical application 
Understanding the relationship among heat unit accumulation, leaf emergence and 
tassel development provides several immediate practical benefits.  In seed production, 
practices to delay flowering of the male parent relative to the female parent are frequently 
imposed to improve the nick and/or lengthen pollen shed duration. Unfortunately some 
delay techniques such as flaming and cutting can adversely affect grain and pollen 
production (Green, 1949; Dungan and Gausman, 1951). Various procedures are used to 
identify proper timing of such applications (Shoultz, 1985). The best procedures to delay 
flowering include knowledge of reproductive components potentially affected and 
knowledge of a genotype’s responsiveness to such practices. Since early organ initiation can 
be a critical period when stresses may terminate development (Björkman and Pearson, 1998; 
Bechoux et al., 2000), genotypes displaying high plasticity to a specific tassel component 
may be poorer candidates for applying stressful delay treatments during that component’s 
initiation. Another practical benefit involves prediction of seed field failure due to 
deleterious environmental conditions during tassel formation. Early prediction of potential 
seed field failures may result in adjustments in management practices in such a field, 
additional production of that field’s product, and/or improved estimation of saleable seed. 
Finally improved a posteriori deduction of production issues occur when pollen production 
components can be related to other observed or measured events. 
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The rates of tassel development, leaf development, and heat unit accumulation 
relative to each other can be compared. From tassel initiation to meiosis, Dent11 required 
more heat units (356) than Dent12 (308). Similarly, Dent11 compared to Dent12 required an 
equal amount or more heat units to achieve leaf emergence events. The slower leaf 
emergence rate corresponds to the later RM inbred, however this trend has not been 
established across several genotypes with various phyllochron values (Padilla and Otegui, 
2005).  
Flowering prediction depends upon knowledge of factors affecting the durations of 
vegetative and reproductive growth. A defining event is the transition of the apical meristem 
from a vegetative to a reproductive stage (Irish and Nelson, 1991). In this study, this 
transition occurred at V4:T6 to V5:T8 when the apical meristem was 0.20 to 0.30 mm in 
height. The duration of growth during the reproductive stage has been measured using the 
rate of leaf emergence and the number of leaves (Tollenaar et al., 1979). The rate of tassel 
development relative to leaf emergence, when viewed from tassel initiation to meiosis, 
corresponded for these two modern inbreds of varying maturities. If the rate of tassel 
development relative to leaf emergence holds constant across genotypes, then knowledge of 
the leaf stage allows for prediction of tassel stage and improved understanding of flowering 
time. The time from tassel initiation until anther formation required three V-stages for the 
two inbreds in this study and, similarly, the appearance of three ligules for B73 x MO17 and 
Iopop 12 (Stevens et al., 1986). How well these developmental relationships hold across 
environments is also of interest. For Dent12, the rate of tassel development from tassel 
initiation to meiosis relative to leaf emergence corresponded between plants in the 
greenhouse and those from nearby field plots planted one day after the greenhouse studies 
(data not shown). The GDU during this time were also similar between greenhouse and field 
plants. Stone et al. (1999) and Vinocur and Ritchie (2001) have found leaf emergence rates 
relative to heat units were consistent across temperatures. Likewise it is possible that across 
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certain temperature ranges the relationship between tassel development and leaf emergence 
rates is maintained. Photoperiod and irradiance may slightly alter these development rates 
after tassel initiation, but photoperiod effects were least likely for temperate genotypes (Ellis 
et al., 1992; Tollenaar, 1999). Ellis et al., (1992) suggested that photoperiod, and thus light 
interception and subsequent assimilate production, prior to tassel initiation affected the rate 
of development after tassel initiation. Further research is required to verify tassel develop 
and leaf emergence relationships across various genotypes and environments. 
Conclusion 
Several of the seven events that lead to pollen production documented in this study 
occur on overlapping timelines. Stresses occurring at any one time may affect one or more 
of these events. The start of this timeline relative to heat units will likely vary across 
environments and genotypes. The diameter of the apical meristem at tassel initiation for 
these genetics was smaller than previously reported. Further investigations are required to 
elucidate implications for variation in the apical meristem size at tassel initiation. Tassel 
development relative to leaf emergence corresponded for these two modern inbreds which 
have a range in maturities and growth rates relative to heat units. These relationships require 
confirmation through testing under various environments as well as across a wider range of 
genotypes. A coordinated rate of tassel development to leaf emergence improves our 
understanding of factors affecting time to flowering. This provides seed producers a timeline 
as to what key tassel components leading to pollen production potentially may be affected 
by stresses.  
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CHAPTER 4. CHILLING EFFECTS DURING MAIZE (ZEA MAYS L.) 
TASSEL DEVELOPMENT AND COMPENSATIONAL PLASTICITY 
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Abstract 
Stress during tassel formation can result in reduced tassel size and inadequate pollen 
production in seed production. When stresses effect plant development, component 
compensation can occur for grain yield but has not been previously reported for pollen 
production. Chilling effects were applied to two dent inbreds at the initiation of tassel 
formation events important for obtaining maximum pollen production. The 103 RM inbred 
was generally not responsive to chilling. The 113 relative maturity (RM) inbred produced 60 
percent fewer branches resulting in 45 percent fewer spikelets when chilling was applied 
during branch meristem initiation. For the same inbred 42 percent fewer spikelets where 
produced when chilling was applied during spikelet meristem initiation. Applications of 
chilling during meiosis of microsporogenesis did not decrease pollen production per anther. 
A decrease in percent of pollen grains starched filled was found only in the lower florets on 
the lowest branch. This inbred produced 43 and 29 percent fewer pollen grains per tassel 
when chilling was applied during branch and spikelet meristem formation, respectively. 
When branch or spikelet production was decreased, later tassel and pollen developmental 
events did not compensate for pollen production. Pollen production of modern dent inbreds 
varies due to chilling stress during tassel formation. Pollen production components 
                                                 
1
 Graduate Student, Agronomy Department, Iowa State University 
2
 Associate Professor, Agronomy Department, Iowa State University 
3
 Research Scientist, Pioneer Hi-Bred, a DuPont Company 
 66 
developed post-stress are not expect to compensate for reduced tassel formation from the 
stress. 
Introduction 
A plant’s response to abiotic stress is critical to its survival. Furthermore, a plant’s 
response to less than optimal cultural practices and deleterious morphological changes 
during development is critical to obtaining top yields. While soybean (Glycine max L.) yield 
was shown to be highly responsive to stand variation, maize had comparatively low 
responsiveness (Andrade and Abbate, 2005). The plasticity of tassel components and pollen 
production due to reduced production of earlier formed tassel components is not well 
understood. Diminished tassel sizes of modern inbreds (Duvick, 2005) require an increasing 
understanding of a tassel’s pollen production potential and plasticity in seed production. 
Chilling stress can create abnormal morphology throughout plant development. For 
example, stress during early growth has been shown to result in more tillers and can 
contribute to lower leaf production (Stevenson and Goodman, 1972). Chilling slightly before 
initiation of the axillary meristem which would have become the primary ear resulted in its 
abortion (Lejeune and Bernier, 1996). Similarly, Bechoux et al. (2000) reported that chilling 
during tassel initiation decreased tassel branches and tassel spikelets in flint inbreds. Plants 
are more often free from chilling stress during pollen formation in central North America; 
however chilling conditions can occur. Seed production in northwestern Mexico (Dietz, 
W.F. personnel communications. 2007) and winter production of tropical hybrids in 
Argentina (Mihura, E. personnel communications. 2006) have encountered chilling 
temperatures during pollen formation. Low temperatures during meiosis of sorghum 
(Sorghum bicolor, L.) and bell pepper (Capsicum annuum, L.) adversely affected pollen 
formation and viability (Brooking, 1979; Mercado et al., 1997).  
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Chilling temperatures can induce several physiological changes in maize (Zea mays 
L.) leading to reduced development (Miedeman, 1982). Decreased photosynthetic rates 
occur due to reduction in production and/or activity of several key photosynthetic 
components (Kingston-Smith et al., 1997; Kingston-Smith et al., 1999). Light energy not 
utilized for photochemical reactions may be quenched through fluorescence, 
nonphotochemical quenching, or may lead to production of reactive oxygen species (ROS) 
(Müller et al., 2001). Bechoux et al. (2000) proposed that decreased tassel axillary branching 
from chilling stress was due to ROS damage. Foyer et al. (2002) suggested that since down 
regulation of photosynthetic apparatuses remain tightly coordinated during chilling, the 
increased presence of ROS is due to the failure of antioxidants to quench ROS as opposed to 
increased production of ROS. 
The timing of key tassel developmental events in modern inbreds leading to pollen 
formation has previously been outlined (Tranel et al., in review). Stress that detrimentally 
affects any of these events can significantly decrease pollen production. This study 
investigates if tassel formation and pollen production in modern dent inbreds is affected by 
chilling stress. We applied chilling treatments at the initiation of specific tassel components. 
It has not been previously reported if pollen production components that develop post-stress 
can compensate for reduced tassel formation from the stress. Thus a second goal was to 
identify if component compensation for pollen production occurs by quantifying variation in 
tassel components and pollen production after inducing morphological modifications by 
chilling stress. 
Methods and Materials 
Two modern dent maize inbreds were grown in growth chambers. Inbreds Dent11 
and Dent12 with relative maturities (RM) of 113 and 103, respectively, have previously 
exhibited changes in tassel morphology across environments (Pioneer Hi-Bred, unpublished 
 68 
data). They have also been characterized in depth for tassel and plant development (Tranel et 
al., in review). Four seeds were planted in nine inch diameter pots for each replication 
except for replication 2 which were planted in eight inch diameter pots. Plants were thinned 
to two at V1 (Richie et al., 1996) and one at V2 to obtain uniformity in plant developmental 
stage. Plants were fertilized with 5g of osmocote at V3 and again at six weeks after planting. 
Beginning at V4 plants received 0.5g of 15-5-15 fertilizer per liter of water during watering. 
Marathon and Gnattrol were applied at V3. The PAR averaged 650 µEm
-1
s
-1
 at plant canopy 
with fluorescent and incandescent lights maintained at 30 to 45 cm above plant canopy. 
Photoperiod and temperatures were set to mimic historical daily averages experienced 
during the growing season in Johnston, Iowa. Thus developmental responses related to 
photoperiod and temperature would more closely relate to field conditions. Daily high 
temperatures began at sunrise and daily low temperatures began at sunset with 30 minute 
transition periods for light intensity and temperature. Plant population with equidistant 
spacing was 117,000 plants per hectare up to tassel branch formation when it was 94,000 
plants per hectare. The higher initial plant population allowed sufficient plants for staging 
tassels as outlined below.  
While growth chamber conditions were chosen to mimic field conditions typical 
during the maize life cycle, field conditions could not be completely duplicated. This was 
evident due to some atypical plant characteristics. Total leaf production for Dent11 (21) and 
Dent12 (20) in this study was greater than is typically produced under field conditions of 20 
and 17 leaves, respectively. While increased leaf production is expected under longer 
photoperiods and possibly higher temperature prior to tassel initiation (Hunter et al., 1974), 
it is possible other factors may contribute to leaf initiation. Silking was delayed relative to 
shedding for both inbreds, and several Dent11 plants across treatments did not exert silks. 
Normal sized ears were produced, silks were present within ear husks, and leaf rolling was 
not observed indicating a lack of severe moisture stress. Pollen production per anther for 
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Dent12 was slightly lower than expected based on previous field studies. Other irregularities 
in plant development were not detected. 
Three chilling treatments were applied. Treatment applications at branch (B) and 
spikelet (S) initiation were selected based on previously observed variation of these traits 
across environments. A treatment at meiosis of microsporogenesis (M) was selected based 
on knowledge of chilling susceptibility in other crops at this stage (Brooking, 1979; 
Mercado et al., 1997). Treatments occurred when two to three branch primordia ridges were 
present (B), when spikelet pair ridges initially appeared which commenced about three days 
after the first chilling treatment began (S), and during early prophase I of meiosis of 
microspores obtained from near the middle of the rachis (M). Each treatment as well as the 
control (C) consisted of three plants per replication. Chilling treatments lasted for seven 
days. For chilling treatments, plants were moved to another growth chamber with the same 
settings except for temperature. These growth chambers were set to 17/6°C day/night for B 
and S treatments and 20/8°C day/night for M treatments. The chilling temperatures were 
based on lowest temperatures experienced during the typical time of these components’ 
formation in central Iowa between 1977 and 2003. Temperatures were measured within 
growth chambers and near the developing tassel using thermocouples (5TC-TT-T-36-36, 
OMEGA Engineering Inc., Stamford, Conneticut). Temperatures were usually about 1°C 
above the set night temperature and 1 to 3°C above the set day temperature. Plant population 
effects were maintained in all chambers using filler plants. To ensure treatments were 
applied at desired times, five filler plants were dissected to identify branch initiation and 
three filler plants were dissected to identify initial spikelet pair initiation. To identify early 
pollen formation, spikelet pairs were extracted from the middle of the rachis and anther 
squashing was conducted with acetocarmine using previously outlined stages (Chang and 
Neuffer, 1989). Extraction of spikelet pairs consisted of creating a slit through leaves 
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surrounding the tassel, removing spikelet pairs, and loosely wrapping tape around the leaves 
to enable normal tassel emergence (Fox, T. personnel communications. 2006).  
Plants were arranged in a split plot of a RCB design with genotypes as the main plot 
and chilling treatments as the sub plot. Four replications were blocked by growth chambers 
and time. Replications one and two were run concurrently in two randomly selected growth 
chambers with a third growth chamber set to chilling conditions. Replications three and four 
were run subsequently. 
Data collected included plant stage (Ritchie et al., 1996) and number of leaf tips 
visible every two to three days, final leaf number, plant height and thermal heat units 
accumulated from planting until flowering (Shaw, 1988). When the first anthers on the 
rachis were extruded, tassels were harvested. Tassels were characterized by branch number, 
length of the rachis and branches containing spikelets, number of spikelets on each branch 
and rachis, and tip lengths of each branch and rachis void of spikelets. Spikelet density was 
calculated as the number of spikelets divided by length of rachis or branch structure 
containing those spikelets. Three spikelet pairs were sampled from two tassel locations, the 
middle of the rachis and the middle of the lowest branch. These tassel locations were chosen 
to obtain a range in pollen maturities and temporal effects. Tassels and sampled spikelets 
were dried in an air flow drier at 60°C. Spikelets were then dissected to obtain the number of 
florets per spikelet, anthers per floret, pollen per anther and pollen quality for each 
combination of tassel locations (rachis and lowest branch), spikelets (pedicellate and sessile) 
and florets (upper and lower). This resulted in eight samples per tassel with each sample 
containing nine anthers. Pollen was separated from anthers using a pestle and mortar and 
Diluent 2 (Nerl Diagnostics, East Providence, Rhode Island) to extract pollen and 120 µm 
and 30 µm nylon screens to separate pollen from debris using Diluent 2. Pollen grains on the 
30 µm screen were counted using a Coulter Multisizer II (Beckman Coulter, Fullerton, 
California). Pollen quality was assessed by quantifying percent of pollen grains starch filled 
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and pollen grain diameters. Pollen grains were stained with I2 KI (0.15% I2, 0.5% KI, 33.5% 
isopropanol, 16.5% acetic acid) and imaged. A minimum of 50 pollen grains were assessed 
and determined void of starch if they did not stain dark red. Diameters of at least 50 pollen 
grains per sample were determined using Metamorph Imaging System (Universal Imaging 
Corporation, West Chester, PA). The range in diameters from the 5 percent smallest to the 
95 percent largest per sample was calculated. Tassels were processed to assess pollen 
production per tassel (PT) (Tranel et al., in review b). Briefly tassels were ground using a 
coffee grinder (Mr. Coffee coffee grinder, IDS57, Jarden Corporation, Rye, New York) and 
debris were sieved to isolate pollen using Diluent 2. Based on pollen diameter data, 120 µm 
upper and 37 µm lower screen sizes were utilized for sieving. The Coulter Multisizer II was 
calibrated to count particles between a lower threshold based on 5 percent smallest pollen 
diameter data obtained for each tassel and the upper threshold set to 120 µm. These counts 
were adjusted to pollen production per tassel as previously described (Tranel et al., in review 
b).  Calculated pollen grains per tassel (CPT) was calculated using spikelets per tassel, 
florets per spikelet, anthers per spikelet, and pollen per anther data.  
Data were subjected to analysis of variance using PROC MIXED of SAS (SAS 
Institute, Cary, NC). All factors were considered fixed except replication and replication 
interactions. The LSMEANS procedure with the PDIFF option was used to test for 
differences of means using P=0.05 as the level of significance unless otherwise stated. 
Results and Discussion 
Plant development slowed during chilling treatment (Table 1). While plants 
receiving chilling treatments were at similar stages prior to treatment as the control, they 
lagged the controls by about one to two V-stages after treatment. The difference appeared to 
be slightly greater for Dent11 than for Dent12 possibly indicating greater chilling tolerance 
for Dent12. Despite slowed development during chilling, final plant heights did not differ 
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across treatments (P>0.10). Time to pollen shed was affected (Table 2), but there were no 
genotype or genotype by treatment effect for either heat units accumulated or days until shed 
(P>0.10). Accumulated heat units to shed did not differ among the C, B, and S treatments. 
Fewer heat units were required to reach shed when chilling was applied at meiosis. 
Temperatures measured near the tassel during meiosis were about 22/8°C day/night for M 
treatments and 30/18°C day/night for control tassels. This resulted in about 63 less heat units 
accumulated during those seven days for plants receiving M treatments. This would equate 
to about a four day delay in shedding for M treatments relative to C treatments; however 
only a two day delay was measured. The recorded 20 heat unit difference between M and C 
treatments effectively accounts for this difference in days. Although this difference might be 
minor for obtaining a good nick in seed production, especially if time to silking is modified 
to the same extent, detasseling efforts become easier to manage across many fields when the 
time to shed is most accurately predicted.  
Tassel branch number decreased when chilling treatments were applied at branch and 
spikelet pair initiation for Dent11 but not for Dent12 (Table 3). Chilling stress commenced 
when about two to three branch primordia were visible. Additional branch cell initials may 
have already been formed at this time. Previous research indicated that branch initiation on 
these inbreds occurred in about six days (Tranel et al., in review). Therefore very few if any 
branch primordia likely formed after chilling stress. Although Dent12 has been known to 
respond to various cultural practices that can modify tassel formation (Pioneer Hi-Bred, 
unpublished data, 2004), branch production did not decrease due to chilling. Its greater 
tolerance to chilling stress compared to Dent11 may be related to their zone of adaptation 
since Dent12 is a 103 RM inbred and Dent11 is a 113 RM inbred.  
Spikelet production responded similarly to branch production. To limit confounding 
effects of changes in branch production on spikelet production, spikelet production on the 
rachis was recorded. The S treatments produced the fewest spikelets per rachis for Dent11 
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while there was no difference across treatments for Dent12. This percent decrease in spikelet 
production on the rachis compared to the control was not as great as the relative decrease in 
branch production for B treatments. This might be due to a slightly longer duration over 
which spikelet production occurs relative to branch production (Tranel et al., in review). 
Also, the processes that lead to the growth of the branch meristems and spikelet pair 
meristems differ and therefore may differ in their responsiveness to stresses (Vollbrecht et 
al., 2005). Across treatments total lengths of the rachis plus branches related well to total 
spikelet production. On the other hand rachis length did not relate well to spikelets produced 
on the rachis for Dent11 while it did relate well for Dent12. This can be explained by the 
spikelet density on the rachis. For Dent11 spikelet density on the rachis was lowest for the S 
treatment. For Dent12 spikelet density on the rachis did not change across treatments. 
Spikelet density on branches did not change across treatments for both Dent11 (4 
spikelets/cm) and Dent12 (3 spikelets/cm). Beyond limiting tassel elongation, stress might 
affect the tassel by halting development and/or aborting spikelets while the rachis or 
branches continue to elongate. Dent11 did not show a propensity for this trait. Less than two 
centimeters of the rachis was devoid of spikelets in either inbreds. All Dent12 treatments 
including the control showed substantial branch lengths void of spikelets. The S and M 
treatments affected this trait the most. 
Florets were collected from the rachis and lowest branch to cover the entire range of 
maturities on a tassel. They were also collected from pedicellate and sessile spikelets as well 
as upper and lower florets. The only significant differences (P<0.05) in floret production per 
spikelet was for a genotype by spikelet interaction where there was no difference between 
spikelets for Dent11 but the Dent12 pedicellate spikelets averaged slightly more (1.99) 
florets than the sessile spikelets (1.95). Florets consistently produced three anthers 
throughout the tassel across treatments and inbreds (P>0.10). 
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Factors affecting the amount of pollen produced per anther are provided in Table 4. 
An interaction among genotypes, treatments, tassel location, and floret position was present 
and values of this combination of factors are given in Figures 1a and 1b. Pollen per anther in 
the upper floret was always greater than or equal to the lower floret. Pollen per anther for M 
treatments was never less than C treatments for a given floret position in Dent11. For 
Dent12, pollen per anther varied widely between the upper and lower florets on the lowest 
branch. Although chilling during early microsporogenesis might be expected to hinder 
pollen formation and ultimately pollen production, decreased pollen production per anther 
due to chilling was not detected. 
Since pollen was harvested pre-shed, pollen germination tests were not attempted. To 
assess pollen quality, the percent of starch filled pollen grains and pollen diameters were 
quantified. An interaction among genotypes, treatments, tassel location, and floret position 
was significant (P<0.01) for percent of starch filled pollen which includes all main effects 
and their interactions effecting percent of pollen filled (P<0.05) (Fig. 2a and 2b). The 
percent of starch filled pollen in Dent11 ranged from 82 to 96 for all of these combinations 
except for pollen from lower florets from the lowest branch of M treatment tassels. This 
pollen was less than all other combinations with 59 percent of pollen grains filled. Brooking 
(1979) reported that in a sensitive sorghum line starch fill in pollen decreased with 
decreasing night temperatures if applied during the leptotene stage of meiosis. In a previous 
report, Brooking (1976) also identified a decrease in sensitivity to night chilling after the 
leptotene stage. It is likely that since pollen from the middle of the rachis was in the early 
prophase I of meiosis when placed in chilling conditions that it was past a sensitive period 
while youngest microspores in the lower floret of the lowest branch were in a sensitive 
stage. The largest effect on pollen diameter was floret position (Table 5). Pollen diameters 
were larger in the upper floret (72 µm) than the lower floret (67 µm). Pollen diameters 
measured on the lowest branch (67 µm) were smaller than those measured on the rachis (71 
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µm). Pollen starch accumulation occurs just a few days before shed (Hsu and Peterson, 
1981); therefore the less mature pollen on the lowest branch may still be adding starch and 
enlarging when tassels were harvested. Pollen diameters were smaller for B treatments (67 
µm) then for the other treatments of C (69 µm), S (70 µm), and M (71 µm). Differences in 
pollen diameter between the pedicellate and sessile spikelets were less than 1 µm in both 
Dent11 and Dent12. 
The differential responsiveness of Dent11 and Dent12 chilling stress shows that 
genetic variation exists within elite germplasm for chilling resistance. The decrease in 
branch and spikelet production in Dent11 due to chilling stress enabled us to consider if 
component compensation occurs for pollen production. Tassels chilled during branch 
initiation contained 60 percent fewer branches than the control tassels. However, these 
tassels did not show compensation through longer rachis or branches, increased spikelet 
density, less sterile tips, increased florets per spikelets or anthers per floret, more pollen per 
anther or improved pollen quality. Similarly, tassels receiving chilling during spikelet 
initiation produced 42 percent fewer spikelets, but production of later pollen production 
components did not differ from the control. These data suggest a lack of plasticity in the 
tassel for recovery from stresses experienced earlier in developmental.  
The overall effect on pollen production per tassel by chilling stress at different tassel 
developmental stages was quantified. For Dent11 there were 43 and 29 percent decreases in 
PT for tassels receiving chilling during branch and spikelet initiation, respectively (Table 3). 
This coincides with the 45 and 42 percent decrease in spikelet production for those 
treatments. To verify pollen quantifications at the tassel and sub-tassel levels, PT and CPT 
were correlated (R
2
=0.85, P<0.01). The linear regression was PT = 0.56 + 0.90 × CPT.  
Bechoux et al. (2000) found variation in the susceptibility of tassel development to 
chilling between flint inbreds. They postulated that sensitivity was due to oxidative stress 
and/or hormonal imbalances. In barren inflorescence2 mutants, suppression of tassel 
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axillary branching is related to altered expression of ZmPIN1 involved in auxin transport 
(McSteen and Hake, 2001; Carraro et al., 2006). An increase in PIN1 expression was found 
in a more axillary branching (max) mutant, max1-max4 (Bennett et al., 2006). While efflux 
of auxin is related to increased branching, Cline and Oh (2006) reported that application of 
abscisic acid (ABA) decreased branch production in two of three herbaceous species. Since 
the MAX pathway uses a carotenoid derived hormone, they suggest production of this 
hormone might be related to production of carotenoid derived ABA. Thus production of 
ABA might correspond with the production of the hormone used by the MAX pathway 
leading to decreased auxin efflux and fewer tassel branches and spikelets. In addition ABA 
has been shown to increase in leaves due to chilling (Janowiak et al., 2003, Melkonian et al., 
2004). Therefore a decrease in tassel branch and spikelet production from chilling may be a 
result of chilling induced production of the carotenoid derived hormone used by the MAX 
pathway. 
Conclusion 
Chilling stress was applied during specific tassel developmental events that lead to 
pollen production. A 103 RM inbred produced increased branch area devoid of spikelets 
when chilling stress was applied during spikelet initiation and meiosis of microsporogenesis. 
A 113 RM inbred displayed considerable susceptibility to chilling stress applied during 
branch and spikelet initiation. Chilling stress during meiosis reduced the percent of starch 
filled pollen grains only in lower florets on the lowest branch of the 113 RM inbred. This 
study shows genetic variation of modern dent inbreds in their response to chilling stress for 
pollen production components. 
Compensation for chilling induced tassel modifications has not been previously 
reported. We did not identify evidence for such compensation. A lack of plasticity of pollen 
production components initiated later in tassel development to respond to modifications 
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induced earlier in development limits high pollen production levels under adverse 
production conditions. When considering management practices of male parents in seed 
production or other instances where pollen may be a limiting factor, stresses must be 
minimizing during early stages of tassel formation to obtain maximum pollen production.    
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Table 1. Developmental stage of plants after chilling treatments were applied at branch 
initiation (B), spikelet initiation (S) and meiosis of microsporogenesis (M) and the 
corresponding stage of control plants for each treatment. Stages are compiled across plants 
and replications and are given as the vegetative stage (V) followed by visible leaf tips (T). 
                
 Dent11   Dent12 
Treatment B S M  B S M 
Chilling V6:T11 V6:T12 V14:T19  V7:T12 V8:T13 V15:T19 
Control V7:T12 V8:T13 V16:T20   V8:T13 V9:T14 V16:T20 
 
Table 2. Time until the start of pollen shed averaged across genotypes. 
      
 Time to Pollen Shed 
Treatment GDU (C) Days after Planting 
C† 628a‡ 75a 
B 638a 78bc 
S 638a 79c 
M 608b 77b 
† Chilling treatments of C=control, B=branch 
initiation, S=spikelet initiation, M=meiosis of 
microsporogenesis. 
‡ Different letters indicate significant 
differences in time to shed at the 0.05 
probability level. 
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Table 3. Response in tassel development due to chilling treatments applied at branch 
initiation (B), spikelet initiation (S) and meiosis of microsporogenesis (M) as well as the 
control (C).  
                  
Inbred Branches 
Total 
Spk† Rac Spk TL RL SDR BDS PT 
       cm cm spk cm
-1
 cm ×106‡ 
Dent11         
C 15a§ 895a 234a 206a 24a 10a 4a 8.8a 
B 6b 494b 194b 98b 24a 8b 1a 5.1b 
S 8b 518b 165c 120b 26a 6c 1a 6.3b 
M 17a 935a 211ab 223a 26a 8b 3a 10.2a 
Dent12         
C 11a 392a 104a 114a 16a 6a 11ab 3.0a 
B 10a 306a 86a 80a 13b 6a 10a 1.8a 
S 12a 357a 92a 102a 15ab 6a 19c 1.8a 
M 13a 319a 86a 103a 13b 7a 17bc 2.3a 
† Total spk = total spikelets on tassel, Rac Spk = spikelets on rachis, TL = total branch and 
rachis lengths containing spikelets, RL = rachis length containing spikelets, SDR = spikelet 
density on rachis, BDS = branch length devoid of spikelets, PT = pollen per tassel. 
‡ Multiply the reported numbers by this to obtain the actual numbers. 
§ Different letters indicate significant differences between treatments within a genotype at 
the 0.05 probability level. 
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Table 4. Factors and interactions affecting pollen per anther (P<0.05). 
      
Effect F P 
G† 12.7 0.04 
F 102.4 <0.01 
T × F 7.2 <0.01 
G × T × F 2.8 0.04 
T × L × F 4.0 0.01 
G × T × L × F 4.5 <0.01 
† G = genotype, F = floret (upper 
and lower), T = chilling treatments, 
L = tassel location (rachis and 
lowest branch). 
 
Table 5. Effects and interactions affecting pollen diameter (P<0.05). 
Effect F P 
T† 4.0 0.01 
L 13.3 <0.01 
G × K 4.2 0.04 
F 187.0 <0.01 
† T = chilling treatments, L = 
tassel location (rachis and 
lowest branch), G = 
genotype, K = spikelet 
(pedicellate and sessile), F = 
floret (upper and lower). 
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Fig. 1. Pollen per anther for treatments and tassel parts of Dent11 (Fig. 1a) and Dent 12 (Fig. 
1b). Treatments including chilling applied at branch initiation (B), spikelet initiation (S) and 
meiosis of microsporogenesis (M) as well as the control (C). Tassel positions included the 
lowest branch (BR), rachis (RAC), lower floret (LF), and upper floret (UF). Different letters 
indicate significant differences between bars at the 0.05 probability level. 
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Fig. 1b 
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Fig. 2. Percent of pollen grains starched filled for treatments and tassel parts of Dent11 (Fig. 
2a) and Dent12 (Fig. 2b). Treatments including chilling applied at branch initiation (B), 
spikelet initiation (S) and meiosis of microsporogenesis (M) as well as the control (C). 
Tassel positions included the lowest branch (BR), rachis (RAC), lower floret (LF), and 
upper floret (UF). Different letters indicate significant differences between bars at the 0.05 
probability level. 
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Fig. 2b 
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CHAPTER 5. GENERAL CONCLUSIONS 
A high level of pollen production is beneficial in hybrid seed maize (Zea mays L.) 
production for several reasons. A male parent producing abundant pollen levels optimizes 
female parent seed set, allows increased female parent land allocation, and minimizes 
outcrosses. This work investigates the methods to assess pollen production and provides 
detailed knowledge of when key tassel formation components initiate. While it is known that 
a tassel’s size can decrease under certain stresses, compensation in pollen production 
response to such changes has not been previously documented. Such information is 
beneficial for pollen production risk management. 
When determining pollen availability for the female parent’s ovules, many factors 
require consideration. Among these are male parent population and pollen produced per 
tassel; these determined potential pollen. The amount of pollen that is capable of fertilizing 
ovules, or effective pollen, involves additional factors, some of which include percent of 
pollen dehisced, impediments in pollen travel to silks, and the ability of the pollen to 
fertilize ovules after reaching silks. Quantifying many of these factors remains elusive. This 
work presents a means to quantify pollen production per tassel. Such measurements are 
desirable when determining total pollen grain number production on a single tassel without 
regards to later movement of pollen. Thus doors are opened to answer a litany of questions 
concerning basic agronomic practices and other plant modification effects on pollen 
production. 
Pollen production results from sequential initiation of components beginning with 
tassel initiation and concluding with pollen grain formation. Failure of any one of the 
intermediate morphological events precludes the development of later events that leads to 
pollen production at a given tassel position. Investigations to identify genes and stresses that 
affect these events are ongoing.  Results from these studies will aid in better managing tassel 
morphology, maximizing pollen production, and predicting flowering time. Understanding 
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the timeline of key events is the first step. The timeline established in this research not only 
allowed the ensuing investigations but also provides knowledge for seed producers to 
manage and troubleshoot poor pollinations. For example, knowing leaf stages and related 
tassel developmental stage can allow for quick assessment of potential injury and decreases 
in pollen production. In addition, a posteriori analyses are made possible.   
The stress effects of chilling on branch, spikelet pair, and microspore formation was 
explored in two dent inbreds. Genotypic differences were identified. The 103 RM inbred 
showed minimal response while the 113 RM inbred produced fewer branches and spikelets. 
I postulate that hormonal imbalance may have led to decreased axillary meristem formation. 
Specifically, it could be enhanced levels of a carotenoid derived hormone corresponding to 
abscisic acid production leading to a cascade of events culminating in decreased axillary 
branch formation. Minimal effects of chilling during meiosis of microsporogenesis were 
identified. When effects were significant, they occurred in the lower florets on the lowest 
tassel branch. Additional research is required to determine the differential response to 
chilling across the tassel; however, previous research in sorghum indicates that only early 
meiosis stages are sensitive to chilling. Tassel developmental response to earlier 
morphological modifications is not well understood. When branch and spikelet production 
was decreased in one inbred, plasticity in later forming pollen production components was 
not identified in this study. If component compensation for pollen production does not 
occur, seed producers should not expect the tassel to compensate for detrimental early tassel 
morphology changes. 
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APPENDEX A. TASSEL DIAGRAM 
Tassel diagram. Abbreviations include upper floret (uf), lower floret (lf), inner glume (ig), 
outer glume (og), lemma (l), and palea (p). 
From McSteen P., and S. Hake. 2001. barren inflorescence2 regulates axillary meristem 
development in the maize inflorescence. Development 128:2881-2891. 
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APPENDEX B. RAW DATA 
Coulter Multisizer II calibration 
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R2 = 0.9642
0
1000
2000
3000
4000
5000
6000
0 1000 2000 3000 4000 5000 6000
Manual count
C
o
u
lt
e
r 
M
u
lt
is
iz
e
r 
II
 c
o
u
n
t
 
 
Pollen counts from comparison of pollen production measurement methods 
location 
replication inbred method 
Pollen 
count 
France 1 Flint1A PB 940940 
France 2 Flint1A PB 1084908 
France 3 Flint1A PB 1710060 
Iowa 1 Flint1A PB 157700 
Iowa 2 Flint1A PB 133133 
Iowa 3 Flint1A PB 199700 
France 1 Flint2B PB 1867849 
France 2 Flint2B PB 687924 
France 3 Flint2B PB 795499 
Iowa 1 Flint2B PB 373333 
Iowa 2 Flint2B PB 337100 
Iowa 3 Flint2B PB 214533 
France 1 Dent1A PB 1635816 
France 2 Dent1A PB 1297087 
France 3 Dent1A PB 1943758 
Iowa 1 Dent1A PB 4085167 
Iowa 2 Dent1A PB 4394467 
Iowa 3 Dent1A PB 2805700 
France 1 Dent2A PB 2952291 
France 2 Dent2A PB 926055 
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France 3 Dent2A PB 2023237 
Iowa 1 Dent2A PB 2825267 
Iowa 2 Dent2A PB 2739133 
Iowa 3 Dent2A PB 2323967 
France 1 Dent3A PB 2473445 
France 2 Dent3A PB 1054413 
France 3 Dent3A PB 831996 
Iowa 1 Dent3A PB 240233 
Iowa 2 Dent3A PB 354600 
Iowa 3 Dent3A PB 471867 
Iowa 1 Flint1A ∆TW 0 
Iowa 2 Flint1A ∆TW 306738 
Iowa 3 Flint1A ∆TW 0 
Iowa 1 Flint2B ∆TW 1055582 
Iowa 2 Flint2B ∆TW 1147022 
Iowa 3 Flint2B ∆TW 1238462 
Iowa 1 Dent1A ∆TW 6787085 
Iowa 2 Dent1A ∆TW 7754704 
Iowa 3 Dent1A ∆TW 3388839 
Iowa 1 Dent2A ∆TW 6136652 
Iowa 2 Dent2A ∆TW 9045938 
Iowa 3 Dent2A ∆TW 3612601 
France 1 Flint1A ∆TW 1168180 
France 1 Dent2A ∆TW 6137820 
France 1 Flint2B ∆TW 2271060 
France 1 Dent1A ∆TW 3294980 
France 1 Dent3A ∆TW 12422400 
France 2 Flint1A ∆TW 898600 
France 2 Flint2B ∆TW 2762100 
France 2 Dent1A ∆TW 5228990 
France 2 Dent2A ∆TW 5272230 
France 2 Dent3A ∆TW 10869600 
France 3 Dent1A ∆TW 3080090 
France 3 Dent3A ∆TW 14751600 
France 3 Dent2A ∆TW 4013190 
France 3 Flint1A ∆TW 988460 
France 3 Flint2B ∆TW 2393820 
Iowa 3 Flint1A PPT 2604949 
Iowa 2 Flint1A PPT 2384329 
Iowa 1 Flint1A PPT 1678513 
Iowa 3 Flint2B PPT 1751901 
Iowa 2 Flint2B PPT 843277 
Iowa 1 Flint2B PPT 842851 
Iowa 3 Dent1A PPT 7938637 
Iowa 2 Dent1A PPT 6793259 
Iowa 1 Dent1A PPT 6749927 
Iowa 3 Dent2A PPT 6528599 
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Iowa 2 Dent2A PPT 6240859 
Iowa 1 Dent2A PPT 7122276 
Iowa 3 Dent3A PPT 14354355 
Iowa 2 Dent3A PPT 16523496 
Iowa 1 Dent3A PPT 13314911 
France 1 Flint1A PPT 2878040 
France 1 Dent2A PPT 5406509 
France 1 Flint2B PPT 2699424 
France 1 Dent1A PPT 5277516 
France 1 Dent3A PPT 10298631 
France 2 Flint1A PPT 3419228 
France 2 Flint2B PPT 3167625 
France 2 Dent1A PPT 4477182 
France 2 Dent2A PPT 6448177 
France 2 Dent3A PPT 9004442 
France 3 Dent1A PPT 3970512 
France 3 Dent3A PPT 10163441 
France 3 Dent2A PPT 7104922 
France 3 Flint1A PPT 3239093 
France 3 Flint2B PPT 3009221 
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Tassel development raw data of Dent11  
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Tassel development raw data of Dent12 
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Raw data for plant response to chilling stress. 
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1 Dent11 B 22 3.9 632 971 212 3 29 28 . . 69 228 
1 Dent11 B 21 3.2 632 767 215 2 20 26 . . 52 190 
1 Dent11 B 21 9.7 618 794 200 10 163 27 . . 596 . 
1 Dent11 C 21 9.6 638 . 224 18 230 25 . . . . 
1 Dent11 C 22 12.7 651 785 226 17 223 23 . . . . 
1 Dent11 C 21 12.7 651 1004 204 14 230 27 . . . . 
1 Dent11 M . 14.3 612 952 149 16 218 30 . . 909 . 
1 Dent11 S 21 4.7 668 967 228 3 45 26 1 3 130 141 
1 Dent11 S 21 5.8 668 776 233 5 57 21 0 2 179 150 
1 Dent11 S 21 8.6 641 967 226 8 104 30 0 0 242 260 
1 Dent12 B 21 0.4 668 695 161 6 27 3 13 6 67 17 
1 Dent12 B 21 1 628 668 184 8 55 10 . . 152 54 
1 Dent12 B 21 1.2 654 681 162 6 49 11 8 2 248 73 
1 Dent12 C 21 3 651 704 193 8 65 12 . . 166 68 
1 Dent12 C 20 2.6 664 717 159 10 81 17 . . 234 107 
1 Dent12 C 20 . 664 758 190 8 43 9 . . 111 46 
1 Dent12 M 22 2.1 670 738 167 7 48 10 6 2 115 73 
1 Dent12 S 20 2.6 665 692 188 13 100 16 18 1 277 80 
1 Dent12 S 21 0.6 639 679 174 10 52 10 27 2 102 69 
1 Dent12 S 21 0.5 652 706 189 7 37 10 28 5 91 27 
2 Dent11 B 21 9.7 647 . 171 8 124 20 5 0 545 138 
2 Dent11 B 22 2.4 674 . 168 2 19 22 0 0 72 123 
2 Dent11 C 22 9 677 . 189 15 166 16 4 0 652 160 
2 Dent11 C 21 7.8 625 . 142 22 241 19 20 0 899 214 
2 Dent11 C 21 2.2 677 813 181 11 122 24 8 0 522 196 
2 Dent11 M 23 5.1 655 . 125 14 109 20 9 0 340 140 
2 Dent11 M 22 9.5 615 777 141 19 169 20 8 0 592 206 
2 Dent11 S 23 5.1 630 . 193 10 105 22 4 2 381 152 
2 Dent11 S 22 2.6 657 765 203 4 32 21 0 0 112 148 
2 Dent11 S 23 6.2 630 . 182 6 75 30 1 0 353 142 
2 Dent12 B 20 0.6 657 711 153 4 28 8 2 2 98 42 
2 Dent12 B 21 1.3 684 711 161 7 58 9 1 2 169 34 
2 Dent12 B 20 1.2 657 670 145 16 58 10 35 2 144 47 
2 Dent12 C 20 1.1 612 664 157 8 79 19 7 1 248 104 
2 Dent12 C 21 0.5 625 744 155 11 73 14 12 2 176 73 
2 Dent12 C 21 1.4 625 704 159 16 77 15 38 3 239 79 
2 Dent12 M 21 3.4 590 724 150 13 120 14 16 1 314 91 
2 Dent12 M 22 1.8 656 710 161 10 52 11 17 1 116 63 
2 Dent12 S 20 0.8 669 669 148 6 51 15 7 0 140 79 
2 Dent12 S 21 1 669 709 151 12 44 16 28 1 111 77 
2 Dent12 S 20 1.5 656 642 147 14 61 14 32 4 180 77 
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3 Dent11 B 21 8.6 557 . 165 13 150 24 0 0 561 202 
3 Dent11 B 20 1.4 675 . 173 5 59 20 1 0 288 118 
3 Dent11 B 22 5.8 583 729 178 11 123 22 1 0 407 200 
3 Dent11 C 22 8.3 612 . 181 13 143 25 1 0 498 248 
3 Dent11 C 21 17.6 573 . 164 22 286 25 0 0 . . 
3 Dent11 C 20 8.2 586 . 182 14 154 27 0 0 584 27 
3 Dent11 M 20 15.4 589 . 159 16 159 27 2 0 
132
0 190 
3 Dent11 M 21 7.7 589 . 169 36 385 24 1 0 . . 
3 Dent11 M 20 13.2 589 . 148 14 189 27 1 0 822 236 
3 Dent11 S 22 7.9 580 713 171 9 105 27 1 0 406 114 
3 Dent11 S 21 7.4 580 741 156 12 128 28 1 0 513 141 
3 Dent11 S 22 10.9 620 741 157 11 150 25 0 0 615 258 
3 Dent12 B 20 2.6 595 621 134 13 95 16 9 0 331 121 
3 Dent12 B 20 2 569 621 141 15 87 17 16 0 257 117 
3 Dent12 B 21 4.1 595 647 152 11 90 16 3 1 294 118 
3 Dent12 C 20 4.2 560 651 129 7 71 17 2 2 243 116 
3 Dent12 C 20 3.5 586 677 149 14 105 18 12 1 315 121 
3 Dent12 C 19 4.7 548 638 126 15 154 18 4 0 479 137 
3 Dent12 M 19 2.4 503 580 133 10 92 17 9 0 260 108 
3 Dent12 M 20 3.8 554 633 144 21 160 16 25 2 422 113 
3 Dent12 M 20 3.5 541 593 115 16 113 12 18 1 290 74 
3 Dent12 S 20 2.3 587 600 145 16 120 15 23 2 330 86 
3 Dent12 S 20 4.1 574 640 134 14 96 15 15 4 285 116 
3 Dent12 S 19 4.3 510 600 126 13 143 18 6 1 440 132 
4 Dent11 B 20 4.3 672 . 167 4 49 26 0 0 250 254 
4 Dent11 B 19 3.6 726 . 162 5 60 24 0 0 298 244 
4 Dent11 B 20 4.8 698 . 156 3 43 24 0 0 213 270 
4 Dent11 C 20 4.9 664 . 178 11 132 31 0 0 532 264 
4 Dent11 C 20 5.6 638 . 171 9 89 26 0 0 292 246 
4 Dent11 C 21 7 664 . 186 12 164 25 0 0 595 237 
4 Dent11 M 20 8.9 641 . 186 15 216 25 0 0 812 . 
4 Dent11 M 20 9.5 641 790 186 16 212 25 1 0 75 . 
4 Dent11 M 21 7.2 601 . 323 11 128 35 0 0 411 254 
4 Dent11 S 21 3.3 709 . 168 5 67 23 0 1 291 111 
4 Dent11 S 20 6.4 629 . 168 7 100 30 0 0 385 244 
4 Dent11 S 21 6.2 682 805 163 14 163 25 1 0 628 114 
4 Dent12 B 19 1.5 656 669 131 10 71 16 14 1 236 123 
4 Dent12 B 19 2.3 603 642 123 9 82 19 4 0 316 122 
4 Dent12 B 18 3.7 577 642 123 10 104 24 3 1 326 164 
4 Dent12 C 19 3.8 625 691 141 9 119 23 3 1 375 159 
4 Dent12 C 20 3.3 638 691 137 14 151 17 5 2 417 106 
4 Dent12 C 20 5 612 704 131 15 153 18 13 2 454 126 
4 Dent12 M 21 1.7 602 696 149 16 111 12 24 0 337 67 
4 Dent12 M 19 2 576 669 133 17 140 20 17 3 385 140 
4 Dent12 M 20 1.3 629 683 138 8 31 13 13 1 69 118 
4 Dent12 S 19 0.4 678 664 138 11 97 18 8 2 346 104 
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4 Dent12 S 20 2.5 651 705 148 10 95 21 3 1 374 142 
4 Dent12 S 20 1.3 678 678 134 21 138 16 29 0 503 117 
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